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Section 1

Project Description

I. Introduction

The Joint NASA/Gcosat Test Case Project was a research

endeavor conducted by the National Aeronautics and Space

Administration (NASA)-a public agency of the U.S. Gov-

ernment-and a group of private companies represented

by the Geosat Committee, Incorporated. Responsibility for

the implementation of the Project resided at the Jet Pro-

pulsion Laboratory (JPL), which is operated for NASA by
the California Institute of Technology. Geosat is a non-

profit organization that represents the collective interests

of a wide variety of private firms in the future develop-

ment of aerospace technology for global geological investi-

gations. The Project was conducted on a cooperative basis

and funds were not exchanged between the participants.

The purpose of the Project was to evaluate the geologic

utility of state-of-the-art remote sensing techniques. Joint

participation by NASA and industry in a research project

of this nature was motivated by very' different institutional

interests. NASA's overall goal was to obtain greater insight

into the capabilities and limitations of remote sensing tech-

nology for geological mapping The results of the Project
will assist NASA in establishing the requirements for and

measurement characteristics of future space sensor sys-

tems. lndustry's goal was to obtain greater insight into the

potential usefulness of remote sensing technology for
resource evaluation. From industry's perspective, the results

of the Project may lead to expanded use of remote sensing

techniques in mineral and energy exploration.

The Project was initiated in 1977 with the decision to
investigate a series of experimental test sites in areas

containing known deposits of copper, uranium, and

petroleum. Existing remote sensing data collected by Earth-
orbiting spacecraft were identified and obtained for each

site. In addition, NASA performed a series of airborne

remote sensing surveys employing state-of-the-art sensor

systems. Geosat companies contributed ancillary geologi-
cal site information, which had been obtained through

ground-based exploration and development efforts. Remote

sensing data and conventional types of geological informa-
tion were analyzed jointly by JPL and industry investiga-

tors. The final results of the Project are presented in this

document in the following form:

(1) Test site reports containing detailed descriptions of

site characteristics and site-specific results.

(2) Commodity reports containing a comparative analy-
sis of results obtained at test sites that contain simi-

lar types of mineral deposits.

(3) Sensor evaluation report containing an assessment

of sensor systems employed by the Project, and rec-

ommendations for future sensor development.

This section describes the goals and interests of the Proj-

ect participants, the technical objectives and methodology

of the Project, and the history, organization, and manage-
ment of this joint research endeavor.

II. Project Participants

A. National Aeronautics and Space Administration

NASA is the agency of the United States Federal Gov-

ernment with the responsibility of maintaining U.S. lead-
ership in the development and utilization of space

technology. The National Aeronautics and Space Act of

1958 specifically empowers NASA to conduct advanced

research to determine "the potential benefits to be gained

from, the opportunities for, and the problems involved in

1-1



the utilization of aeronautical and space activities for

peaceful and scientific purposes." NASA has historically

sponsored a variety of research programs to determine the

utility of advanCed forms of aerospace technology for basic
and applied studies of the Earth.

The principal objective of earth applications research has

been to determine how the measurement capabilities of

orbital sensor systems (e.g., accuracy, precision, and reso-

lution) affect the quality and usefulness of information

derived from data acquired in space. In the area of geolog-

ical remote sensing, NASA-sponsored research has con-

centrated upon developing an improved understanding of

the fundamental physical processes involved in the reflec-

tion, absorption, and emission of electromagnetic radiation

at the Earth's surface. NASA has constructed a variety of

ground-based, aerial, and orbital instruments to obtain

multispectral measurements of geological materials under

laboratory and field conditions. Comparative analysis of
measurements acquired at different scales and accuracies

has provided insight into the inherent capabilities and lim-

itations of orbital remote sensing measurements for geo-

logical applications. This expanding base of fundamental

knowledge has, in turn, been employed by NASA in deter-

mining the direction and pace of future technology devel-
opment efforts.

NASA-sponsored research in geological remote sensing

has primarily been conducted by the Geology Group within
the Earth and Space Sciences Division of JPL. Since 1973,

the Geology Group has performed pioneering research in

instrument development, computerized data processing, and

data analysis and interpretation. JPL scientists have served

as principal investigators on a variety of NASA flight pro-

grams, including Landsat, Skylab, the Heat Capacity Map-

ping Mission, Seasat, and, most recently, the experiments

conducted during the second flight of the Space Shuttle.
Past research at JPL has contributed substantially to pres-

ent remote sensing capabilities and has historically played
a critical role in defining the geological requirements for

future sensor systems.

B. Geosat Committee, Incorporated

Geosat is a nonprofit organization that represents the

interests of a wide variety of private companies in the future

development of space technology for global geological

investigations. The majority of Geosat member companies

are involved in the search for mineral and energy resources,

either through direct leasing and development of specific
properties or through the provision of prospecting services

to other companies. Private industry generally views remote

sensing as a promising technique that can potentially be

used as an additional tool in global resource exploration.

Industry recognizes that new types of information concern-

ing the composition, structure, and distribution of crustal

materials can be obtained through the analysis of remotely

sensed data. This information may contribute to improved

methods of geologic mapping which, in turn, will lead to
more accurate identification of areas of high resource

potential.

Private-industry research related to the development and

application of geological remote sensing techniques differs

significantly from government-sponsored research. Private

firms do not generally engage in long-term, high-risk

research and development of unproven aerospace technol-

ogy for geological applications. Instead, industry efforts

concentrate mainly on the use and adaptation of data col-

lected by existing technological systems, such as the Land-

sat Multispectral Scanner and the return-beam vidicon

camera. Private investment in remote sensing research and

development is motivated by an anticipated near-term return

on investment. Consequently, private-industry research tends

to be focused upon applications of remote sensing meth-

ods for detecting particular geologic features (e.g., rock types,

clay minerals, fractures, etc.) that can be used as explora-

tion guides in prospecting for mineral and hydrocarbon

deposits.

Mineral and energy companies have used conventional

geologic mapping techniques in their worldwide explora-

tion efforts. Exploration firms have conducted pioneering

research in the development of geophysical measurement

techniques that permit detailed characterization of subsur-

face structure. In addition, private companies have acquired

conventional geologic data for specific districts considered

to be possible sites of economic mineralization. Many

companies have proprietary geological data for particular
areas that are not publicly available.

C. Motivation of the Participants

Joint participation by NASA and private-industry Geo-

sat companies in the Test Case Project was motivated by

very different interests. From NASA's perspective, the

Project represented a unique opportunity to involve highly
skilled geological practitioners with access to detailed

ground-based information in the analysis and interpreta-

tion of remote sensing data. The results of the Project were

expected to contribute to improved understanding of the

geological information that can be extracted from remotely
sensed data. From industry's perspective, the Project rep-

resented a unique opportunity to gain insight into the tech-

nical capabilities of state-of-the-art remote sensing

instrumentation and access to experimental data acquired

1-2



by prototype sensor systems. The results of the Project were

expected to permit individual companies, and the explora-

tion industry in general, to better evaluate the practical utility

of remote sensing methods for nonrenewable resource

exploration.

In summary, the Project has been viewed from the out-

set as being mutually beneficial to both participants for quite

different reasons. Each participant possessed certain types

of expertise and easy access to data bases that were of direct

interest to the other participant. This expertise and data

formed the conceptual basis of this unique joint project

between govcrnment and industry. A description of the

historical development of" the Project is provided in

Appendix A.

III. Purpose and Objectives

The purpose of the Test Case Project was to evaluate the
utility of remote sensing techniques for geologic mapping

and resource evaluation by conducting a series of experi-

mental mapping projects in geologically well-studied areas

containing known mineral and hydrocarbon deposits.

Individual test site studies were performed for research

purposes to evaluate the generic capabilities of remote

sensing methods for geologic mapping in different geologi-

cal and environmental settings. The discovery of new

deposits and the targeting of new areas for ground-based

exploration were never considered to be appropriate goals

for the Project.

In the broadest sense, a geologic map is a two-dimen-

sional representation of information concerning the com-

position, lithology, and structure of crustal materials. The

goal of the Project was not necessarily to re-create existing
geologic maps using remotely sensed data, but rather to

learn what new geological information could be extracted

from remote sensing data applicable to geologic mapping

relevant to exploration problems. The utility of geological

information derived from remote sensing data was evalu-

ated with respect to conventional types of geological infor-

mation obtained by standard methods (e.g., field mapping,

sample collection and analysis, geophysical surveys, etc.).

Technical objectives were as follows:

(1) To determine the types, scales, accuracies, and for-

mats of geological information that can be obtained

through analysis of data collected by state-of-the-art

remote sensing instruments aboard Landsat and

Seasat, airborne data acquired by prototype multi-

spectral scanners and microwave systems, and ground-

based data acquired by portable field spectrometers.

(2)

Data analysis concentrated on extracting informa-

tion pertaining to the composition of rocks and soils

exposed in the study areas; assessing the discrimina-

bility of alteration phenomena; identifying struc-

tural features through the analysis of regional

topographic relief and site-specific terrain character-

istics; and detecting variations in the density, species

distributions, and vigor of vegetation that could be

correlated with the lithology and/or composition of
substrate materials.

To evaluate the usefulness of geological information

derived from remotely sensed data compared to geo-

logical information derived from other, conven-

tional sources. Specific questions addressed by the
individual test site studies included: To what extent

does information derived from remote sensing

duplicate information obtained by conventional

methods? To what degree is the information obtained

by remote sensing methods new and different? To

what degree does the combined use of geological

information derived from remote sensing and con-
ventional methods lead to improvements compared

to conventional mapping capabilities?

IV. Methodology

The Test Case Project consisted of eight separate test site

studies that were conducted simultaneously from 1978 to

1981. Remote sensing methods were applied to mapping

problems in different localities to assess site-specific results.

The results of the overall Project are based on the compar-

ative analysis and synthesis of the results obtained at the

individual test sites to obtain a general evaluation of the

utility of the techniques. This section provides a brief tabu-

lar description of each test site, a discussion of the general

/'actors involved in site selection, and a summary of data
acquisition and analysis activities.

A. Site Selection

Test site arcas that were to serve as the prime focus of

the Project were selected jointly by NASA JPL and Geo-

sat. The goal of the site selection process was to identify

areas that would provide challenging new environments for

experimental application of remote sensing techniques.

Industry representatives developed an initial list of poten-
tial test site areas. Candidate sites were areas of known

mineralization that had been extensively studied in the past,

using conventional mapping techniques. The types of com-
modities present at the various sites reflected the interests

of the exploration industry at the time the Project was ini-

tiated. The initial list of candidate sites was subsequently
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reviewed by JPL, and individual sites were jointly agreed

upon. The scope of the Project was largely determined by

the availability of NASA resources, specifically the avail-

ability of people, research funds, and aircraft flight hours

for airborne data acquisition.

Site selection was based on a variety of technical consid-

erations related to the surface characteristics and geology

of specific areas. Logistical and legal factors were also

important in site selection. The criteria used in identifying

potential test site areas are summarized below.

(1) Geoh)gical significance. Sites were chosen in regions
of known mineralization to better assess the utility

of the techniques for nonrenewable resource explo-

ration in more poorly explored regions.

(2) Technical.fi'asibilitv. The feasibility of using remote
sensing methods within particular areas was deter-

mined primarily on the basis of prior experience (e.g.,
earlier remote sensing studies, laboratory measure-

ments of mineral and rock spectra, etc.) and general

knowledge of the geological characteristics and

physiography of candidate areas. Sites were largely
restricted to arcas where rock and soil materials were

well exposed.

(3) Availability of ancillary geological inJormation. Sites

were chosen in areas where earlier work by industry,

the U.S. Geological Survey, and others had pro-
duced extensive information on the surface and sub-

surface geology that would be accessible to JPL/

Geosat investigators.

(4) Accessibility. Sites were restricted to areas in the
conterminous United States. Furthermore, access to

the sites for purposes of field checking and ground-

based mapping was to be guaranteed by individual

Geosat companies.

(5) ttistorical exploration activity. Sites were restricted

to areas that had been thoroughly explored to avoid

legal prob]ems that might ensue if the remote sens-
ing techniques actually led to the identification of

new mineral deposits.

(6) Size. As a general guideline, sites were restricted in
size to areas of 500 km 2or less.

(7) Surface disturbance. Sites were largely restricted to

areas that were not extensively disturbed or modi-

fied by human activity.

Eight test sites were finally selected. The majority of the
sites are located in the western United States, although

one study site is situated in the central Appalachian Moun-

) .6 _ I '; _ _'_ '

i '" ' : X' >/

COPPER

1 SILVER BELL, ARIZONA

2 HELVETIA, ARIZONA

3. SAFFORD, ARIZONA

URANIUM

4 LISBON VALLEY, UTAH

S, COPPER MTN. WYOMING

PETROLEUM

6. PATRICK DRAW, WYOMING

7. LOST RIVER, W. VIRGINIA

8. COYANOSA, TEXAS

Figure 1-1. NASA/Geosat lest site locations

tains (see site location map, Figure 1-1). The characteris-
tics of the eight sites are presented in summary form in
Table I-1. A more detailed discussion of site characteristics

is provided in the individual test site reports that form a

part of this document.

B. Data Acquisition and Analysis

Study teams consisting of JPL and industry investigators

were organized for each test site at the outset of the Proj-

ect. These teams compiled background geological informa-

tion, including existing geologic maps and inlbrmation on

surface geochemistry, soil type and distribution, vegetation

characteristics, and subsurface geology. In addition, a thor-

ough literature search was conducted to survey current
models of mineral occurrence and genesis for the specific

types of deposits that exist at the various sites. At each site,

particular geological features were identified that could

potentially be detected and mapped through the use of

remote sensing techniques. These features included terrain
and cover-type parameters such as lineaments, specific types
of minerals and rocks, anomalous distribution of surface

vegetation, and weathering characteristics (i.e., surface

roughness) of particular rock types. Identification of site

characteristics that were potentially amenable to remote

sensing analysis guided the selection of appropriate mea-

surement techniques, airborne instrumentation, and data

processing techniques. Orbital remote sensing data that had

been previously acquired over the test sites were collected.
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Table 1-1. Test site locations and characteristics

Site/Staging Commodity/ Lat/Long

Location Operator Area, kin2 Geologic Setting Nature of Occurrence Vegetation Cover Type

Copper Mountain, Uranium 43°23'N/107°53'W At base of thrust faulted Supergene I?) Tertiary age Western Interior pinon

WY Rocky Mountain 400 Archean Owl Creek deposits in fractured juniper and sage-grass corn

Thermopolis, WY Energy Mountains. Archean granitic host munities; vegetation cover

rock. 0 - 30%

Coyanosa, TX

Pecos, TX

Helvetia, AZ

Tucson, AZ

Lisbon Valley, UT

Moab, UT

Lost River, WV

Lost River, WV

Patrick Draw, WY

Rock Springs, WY

Safford, AZ

Tucson, AZ

Silver Bell, AZ

Tucson, AZ

Petroleum

Exxon & others

Copper

ANAMAX

Uranium

Atlas Minerals

Division of

Atlas Corp.

Petroleum

Columbia Gas

Petroleum

Champlin &

others

Col]per

Phelps Dodge
Kennecott

Copper

ASARCO

31°18'N/103°12'W

1400

31°46'N/110o45'W

200

38o12"N/10gO15'W

200

39OO0'N,,,78o50'W

200

41o30"N, 10BO31'W

350

32o55"N,'10gO40'W

200

32o25'N,'111o30'W

20O

Delaware subbasin of the

Permian Basin.

Basin and Range Province,
Southern Arizona.

SW flank of Lisbon

Anticline.

Valley and Ridge Province of

the east.central Appalachian

Basin.

Washakie subbasin of the

Green River Basin.

Basin and Range Province,

Southwest Arizona.

Basin and Range Province,

Southern Arizona

Oil and gas production

depth from 1200-6000 m.

Structural and strati

graphic traps, Permian to

Ordovician. Sandstone

and carbonate reservoirs,

primary and secondary

porosity.

Disseminated copper in

Paleozoic limestones.

Tabular stratabound urani

um deposits in sandstone

of the Moss Back Member,

Chinle Formation.

Gas production depth ot

approximately 2100 m.

Anticlinal trap, Devonian

sandstone reservoir, frac

ture porosity.

Oil production depth of

appro×imately 1400 m

Stratigraphic trap, Creta
ceous sandstone reser

voir, primary porosity.

Disseminated copper in

Laramide mtrusives

Disseminated copper in

Laramide intrusives and

skams.

Southwestern Sonoran

desert and mesquite corn

munities; mesquite, sage,

cactus, grass; 30% culti.

rated; vegetation cover
10 - 60%

Sonoran desert community;

sage, cactus, pinon jupiter;

vegetation cover 10 40%.

Great Basin pinon juniper

and sage grass communities;

vegetation cover 0 - 60%

Appalachian pine hardwood

communities; 20% cultivated;

vegetation cover 100%

Western Interior shrub.

grassland and salt desert sage

communities; vegetation
cover 10 - 60%.

Sonoran desert communily:

sage, cactus, and pinon

juniper; vegetation cover
10 40%

Sonoran desert community;

sage, cactus and pinon

iurHper; vegetation cover
10 40%

These included data obtained by Landsat (multispcctral

scanner), Seasat (synthetic aperture radar), and Skylab

(photography). These data sets were obtained in digital form,

where possible, for computer processing and enhancement.

Aerial remote sensing surveys were subsequently con-

ducted over each site, using a variety of prototype instru-

ments including the Modular Multispectral Scanner (MzS),

the NS-001 Thematic Mapper Simulator, and the Fraun-
hofer Line Discriminator (FLD). Microwave data were

obtained using both active and passive radar systems (the

X- and L-band imaging radars, the Passive Microwave

Imaging System [PMIS], and the Multifrequency Micro-

wave Radiometer [ MFMR ], respectively). A complete

description of individual aircraft sensors is included in the

Technical Appendix, Section 14. Airborne surveys were

repeated over some sites to investigate seasonal variations

in the spectral characteristics of surface vegetation. In

addition, thermal infrared surveys were performed at

selected sites under both daytime and nighttime conditions
to determine thc thermal inertia of surficial materials.

Coverage of the test sites by different airborne sensors

varied because of constraints on available flight hours,

logistical problems encountered during the Project, and

technical assessment of the utility of certain types of aerial

data. Certain sensors, such as the NS-001 Thematic Map-

per Simulator and the Modular Multispectral Scanner, were
deployed over all of the test sites. Other sensors, such as

the X- and L-band radars and the FLD, were selectively

flown over a limited number of the sites (Tablc 1-2).
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Table 1-2. Airbornesensorcoverageof testsites

AirborneSensor

Commodity Test Site Bendix X-Band L-Band
NS-O01 MzS 24-Channel Radar Radar FLD Aeromagnetics Radiometrics MFMR PMIS

Scanner

Porphyry Helvetia • •
copper Safford • •

Silver Bell • •

Uranium Copper
Mountain • •
Lisbon Valley • •

Petroleum Patrick Draw • •
Lost River • •

Coyanosa • •

• •

• •

• •

• • •

• • • •

• •

• • •

Both during and after the aerial remote sensing surveys,
a series of field studies were performed to acquire addi-

tional ground-based data. Portable field spectrometers were

deployed at all sites to obtain in situ measurements of sur-
face reflectance. These measurements were used to cali-

brate and interpret aerial and orbital data sets. Ground-

based mapping activities in support of the Project varied

greatly from site to site, but individual areas were singled

out for more detailed soil geochemical surveys, soil and

vegetation mapping, and soil gas measurements (petro-

leum sites only). Rock and soil samples were collected in

the field and returned to the laboratory for spectral and

geochemical analyses.

Remotely sensed data were reduced and computer pro-

cessed at JPL. JPL's Image Processing Laboratory pos-

sesses a substantial library of computer programs that have

been specifically developed for display and analysis of dig-

ital image data. This library includes programs for refor-

matting aircraft and satellite data, geometric rectification

and coregistration of multiple data sets, statistical analysis
ot multivariate data, and image enhancement. Detailed

descriptions of individual computer programs employed by
the Project are provided in the Technical Appendix, Sec-
tion 14.

Image products generated from orbital, aerial, and

ground-based data were distributed to team members for

joint analysis and interpretation. Preliminary analysis of

remote sensing image data was used in planning ground-

based surveys of surface reflectance, and in targeting spe-

cific areas for sample collection and/or detailed field map-

ping. The results of these ground-based activities, considered

together with information obtained by conventional tech-
niques, were used in devising new methods of displaying

and analyzing the remote sensing data. In other instances,

interim results established the need for additional field

mapping or airborne data collection.

Analysis and interpretation generally proceeded on an

informal basis among test site team members. Team meet-

ings were commonly held in conjunction with trips to the

field or travel to professional conferences. Periods of infor-

mal communication among members of the separate teams

were supplemented by collective meetings of all Project

participants. These meetings provided an opportunity to

assess the relative progress of the individual teams and to

exchange information about measurement techniques and

data analysis methods.

A chronological record of significant team meetings and

major Project presentations is provided in Table 1-3. Interim

project results were presented at the 1980 Pecora Confer-
ence held in Sioux Falls, South Dakota, and at the 1981

International Geoscicnce and Remote Sensing Symposium

(1EEE) held in Washington, D.C. in addition, interim

progress reports were prepared on an annual basis and dis-

tributed to Project investigators. A complete listing of papers

and abstracts published over the course of the Project is

included in Appendix B.

C. Organization and Management

The Test Case Project was a joint effort between a single

government agency and a collection of industrial firms

represented by the Geosat Committee. Independent lines

of control and responsibility were cstablished at the outset

of the Project to separately manage public and private sector
activities. An organization chart ks presented in Figure 1-2.

NASA Headquarters and Geosat established the overall

procedural guidelines for the conduct of the Project. A for-
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Table 1-3. Major team and project meetings

Topic Date Location

Team Meetings

Petroleum June 1978 Pasadena

July 1978 Houston
October 1978 Denver

November 1978 Lost River

January 1979 Denver

February 1979 Pasadena

April 1979 Houston

May 1979 Tulsa
December 1979 Tulsa

March 1980 Pasadcna

June 1980 Denver

October 1980 Denver

Deccmber 1980 Pasadena

February 1981 Los Angeles

March 1981 Pittsburgh
March 1981 Pasadena

June 1981 Lost River

October 1981 Pasadena

Porphyry' October 1977 Salt Lake City

copper January 1979 Denver
October 1979 Tucson

March 1980 Tucson

January 1981 Tucson

Uranium April 1978 Denver

September 1978 Pasadena
April 1979 Moab

June 1979 Thermopolis

July 1980 Thermopolis

Project Meetings

Site selections October 1977 Salt/rake City

Joint presentations May 1979 Denver

Review December 1979 Washington, D.C.

Pecora meeting April 1980 Sioux Falls

IEEE meeting June 1981 Washington, D.C.

mal memorandum of understanding between NASA and

Geosat was adopted in July 1981, which delineated the

reporting responsibilities of the Project participants.

NASA implemented its Project-related responsibilities

through JPL. The Non-Renewable Resources Branch within

NASA's former Office of Space and Terrestrial Applica-

tions was responsible for establishing schedules and major

milestones, evaluating progress and accomplishments,

determining appropriate levels of research funding on an

annual basis, and allocating NASA aircraft flight hours in

support of data acquisition activities. JPL established the

position of Project Manager to manage all technical aspects

of Project implementation including preparation of annual

budgets, allocation of available resources, and evaluation

of technical progress. The JPL Project Manager reported

directly to NASA Headquarters.

Three JPL researchers served as Principal Investigators.

Each Principal Investigator was responsible for those test

sites containing the same type of mineral commodity. The

Principal Investigators (1) established plans for airborne

data acquisition over individual sites, (2) developed meth-

ods of processing and displaying the remote sensing data,

and (3) had responsibility for data analysis and interpreta-

tion, interaction with industry investigators, and reporting

of technical results.

A similar three-tiered organizational structure was cre-

ated by Geosat to implement the Project. However, the

Geosat Committee did not have direct management con-

trol over its member companies• Geosat coordinated the

activities of industrial investigators and served as an insti-
• I.

tutional interface between NASA and private industry.

Gcosat created a Test Case Panel chaired by two indi-

viduals to monitor and coordinate the total range of

privatc-industry activities conducted in support of the

Project. These cochairmen interacted directly with the JPL

Project Manager in evaluating technical progress. Interac-

tion at this level also provided a mechanism for resolving

institutional issues as they arose. The Geosat Test Case

Panel, in turn, created three Subpanels for each commod-

ity to coordinate private-industry efforts at the individual

test sites. The Subpanel chairmen worked directly with the

JPL Principal Investigators on data analysis and interpre-

tation problems and on reporting research results.

Both NASA and Geosat identified individuals who served

as team leaders for each test site. These individuals served

as principal points of contact in exchanging data, organiz-

ing team meetings, and planning ground-truth data collec-

tion activities•

Review and evaluation of Project accomplishments were

conducted in several different ways. NASA evaluated the

progress of its research efforts on a semiannual basis for

internal budgeting and program development purposes.

Geosat formally reviewed interim Project results at quar-

terly meetings of its Board of Directors. In addition to these

formal evaluations, research results were reviewed by the

management of individual companies participating in the

Project. Final reviews of the Test Case Project were con-

ducted independently by NASA and Geosat prior to the

publication of the final report.
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Appendix A

History of the Project

The Geosat Committee was incorporated as a nonprofit

organization in December 1976 to represent the interests

of the mineral and energy resource industries in the devel-

opment of space technology for global geological investi-

gations. The Geosat Committee was an outgrowth of an

industry-sponsored workshop held in Flagstaff, Arizona, in

May 1976. The workshop developed specific recommenda-

tions concerning future orbital sensors that would be of

greatest use to the geological community.

The Geosat Committee was originally formed to advance

the recommendations of the Flagstaff workshop. Geosat

initially conceived of an experimental test site program as

a means of developing the necessary technical justification

for the future development of specific sensor systems. At

about the same time, NASA was attempting to evaluate

the utility of certain prototype remote sensing instruments

from a geological perspective. NASA had experienced great

difficulty in identifying and gaining access to areas that were

characterized in sufficient geological detail to be used for

sensor testing and evaluation.

Both industry and NASA viewed the proposed mapping

project as an opportunity to gain access to expertise and
data possessed by each institution. In 1977, NASA's Earth

Resources program office agreed in principle to a joint Test

Case Project to evaluate the geologic utility of state-of-the-
art remote sensing techniques. Discussions were held

between industry representatives and JPL researchers con-

cerning potential test sites. Mutually agreeable test sites were

selected in 1977, and aerial remote sensing data were ini-

tially collected by NASA in 1978. A formal memorandum

of understanding was executed between NASA and Geo-

sat in 1981, describing the responsibilities of the Project

participants in preparing a final report.
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Section 2

Sensor Assessment Report

I. Introduction

A. Approach

This section describes the combined experience of all

participating investigators in evaluating available remote

sensing systems for geologic mapping as well as for min-

eral and oil and gas exploration. Findings are based on

analysis of the results obtained at each of the eight test

sites reported in subsequent sections (Table 2-1). These
results provide a basis tbr determining the geologic utility

of sensor systems available prior to 1981 (Figure 2-1) and

for developing future sensor systems for geological

research and applications. Sensor assessment involves the

evaluation of remote measurement techniques in terms of

the quantity and quality of geologic information that can

be extracted from data acquired by different sensor

systems.

The assessment of the geologic capabilities and limita-

tions of existing sensors is broken down into technique

areas synonymous with wavelength regions. The three

spectral regions sampled in the Joint NASA/Geosat Test
Case Project were the visible, near, and short wavelength

infrared (0.4 to 2.5 t_m), the thermal or mid-infrared (8 to

14 #m), and the active microwave (beyond 1 cm in wave-

length) (Figure 2-1). Emphasis is on the visible to short

wavelength infrared region because most of the airborne

sensor data employed during the Test Case Project were

collected in this region.

Surface morphology or image texture is commonly used

to delineate geologic structures and discriminate among

lithologic units with similar spectral properties. No attempt

has been made here to determine the separate contribution

of spectral and contextual information to the identification

of geologic structures and lithologic boundaries.

B. Previous Studies

Prior to the initiation of the Test Case Project, few in-

depth geological studies of remote sensing techniques had

been undertaken. An early geological remote sensing study

was the Bonanza Project (Lee, 1972). Results were based

mainly on multispectral photography since multispectral

scanners and the necessary image-processing capabilities

were not yet available. The advent of Landsat Multispec-
tral Scanner (MSS) data in 1972 led to several important

investigations. Among them were investigations by Goetz

et al. (1975), who mapped the Colorado Plateau, and
Rowan et al. (1974), who conducted a study of the Gold-

field Mining District, Nevada. Both investigations used
Landsat MSS data that had been computer image pro-

cessed. Rowan et al. (1977) made ground spectral mea-

surements with a portable spectrometer. The first

comprehensive study using aircraft-acquired multispectral
data in the !- to 2.5-/_m region was reported by Abrams et

al. (1977). The test area was the Cuprite Mining District,
south of Goldfield, Nevada, and the instrument used was

the NASA Bendix 24-channel scanner. Results of the

Cuprite study helped to justify the 2.08- to 2.35-_m chan-

nel of the Landsat 4 Thematic Mapper (TM) multispectral

scanner. At the outset of the Project, the only remote sens-

ing data generally available for the newly chosen test sites
were Landsat MSS images. The Bendix 24-channel scan-

ner had been retired, and the NS-001 Thematic Mapper

Simulator had only recently become available. In addition,

an aircraft L-band synthetic aperture radar instrument was

operating. As the study progressed, it became clear that the

NS-001 Thematic Mapper Simulator provided the most

readily interpretable data; hence, heavy emphasis was

placed on this sensor during the study. This report repre-
sents a detailed analysis of remote sensing techniques as

they existed in 1977 at eight test sites.
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Table 2-1. Test site locations and characteristics

Site/Staging Commodity/ Lat/Long

Location Operator Area. km2 Geologic Setting Nature of Occurrence Vegetation Cover Type

43o23'N/107°53'W

400

Copper Mountain,

WY

Thermopolis, WY

Coyanosa, TX

Pecos, TX

Helvetia, AZ

Tucson, AZ

Lisbon Valley, UT

Moab, UT

Lost River, WV

Lost River, WV

Patrick Draw, WY

Rock Springs, WY

Saf ford. AZ

Tucson, AZ

Silver Bell, AZ

Tucson, AZ

Uranium

Rocky Mountain

Energy

Petroleum

Exxon & others

Copper

ANAMAX

Uranium

Atlas Minerals

Division of

Atlas Corp.

Petroleum

Columbia Gas

Petroleum

Champlin &

others

Copper

Phelps Dodge

Kennecott

Copper

ASARCO

31o18'N/lO3°12'W

1400

31o46'N/110°45'W

2OO

38o12'N,109°15'W

200

39oO0'N,,,78o50'W

200

41o30'N,,'108o31'W

35O

32o55'N,,'109o40'W

200

32o25'N/111°30'W

200

At base of thrust faulted

Archean Owl Creek

Mountains.

Delaware subbasin of the

Permian Basin.

Basin and Range Province,

Southern Arizona

SW flank of Lisbon

Anticline

Valley and Ridge Province of

the east central Appalachian

Basin

Washakie subbasin of the

Green R iver Basin,

Basin and Range Province,

Southwest Arizona.

Basin and Range Province,

Southern Arizona.

Supergene (?) Tertiary age

deposits in fractured

Archean granitic host

rock.

Oil and gas production

depth from 1200-6000 m.

Structural and strati

graphic traps, Permian to

Ordovician. Sandstone

and carbonate reservoirs,

primary and secondary

porosity.

Disseminated copper in

Paleozoic limestones.

Tabular stratahound urani

um deposits in sandstone

of the Moss Back Member,

Chinle Formation

Gas production depth of

approximately 2100 m

Anticlinal trap, Devonian

sandstone reservoir, lrac

lure porosity.

Oil production depth of

approximately 1400 m

Stratigraphic trap, Creta

ceous sandstone reser

voir. primary porosity

Disseminated copper m

Laramide intrusives

Disseminated copper in

Laramide intrusives and

skarns.

Western Interior pinon

juniper and sage-grass com

munities; vegetation cover

0 30%,

Southwestern Sonoran

desert and mesquite com-

munities; mesquite, sage,

cactus, grass; 30% culti

vated; vegetation cover

10 - 60%.

Sonoran desert community;

sage, cactus, pinon jupiter;

vegetation cover 10 - 40%.

Great Basin pinon juniper

and sage grass communities;

vegetation cover 0 60%

Appalachian oine.hardwood

communities; 20% cultivated;

vegetation cover 100%

Western Interior shrub

grassland and salt desert sage

communities; vegetation

cover 10 60%.

Sonoran desert community;

sage, cactus, and pinon

juniper; vegetation cover

10 40%.

Sonoran desert community;

sage, cactus and pinon

juniper; vegetabon cover

10 40%.

In 1977 the major questions being asked about sensors
were:

(1) Is the Landsat MSS adequate for mineral and petro-

leum exploration purposes?

(2) What spatial resolution is required to solve geologic

problems?

(3) Which spectral region is most important for remote
sensing, and how many bands are required?

(4) Will the Landsat TM, as envisioned, provide suffi-

cient spatial resolution and adequate spectral cover-
age? Is the lack of stereo coverage critical?

The rest of this section addresses these questions on the
basis of the results obtained during the Joint NASA/
Geosat Test Case Project.

2-2

C. Description of Site Characteristics

Brief descriptions of the eight test sites are presented in
Table 2-1 and below to provide background information
for the discussions of later sections.

1. Porphyry copper test sites. The three porphyry
copper sites studied are in southern Arizona. In a classic
porphyry copper deposit, Silver Bell, the deposit has been
eroded, exposing all alteration zones associated with it. A
wide range of altered and unaltered extrusive and intrusive
rocks as well as sedimentary rocks crop out in the area.

Vegetation cover is scant, offering excellent exposures of
the different lithologies.

The Helvetia copper site is in a structurally complex
area of Paleozoic and Mesozoic sedimentary rocks. The



ore body is deeply buried: surface indicators include argil-

lic alteration of the country rock and extensive develop-
ment of calc-silicate skarns and marbles associated with

altered limestones.

The Safford District has four known porphyry copper

deposits. The two largest are deeply buried, with only

minor exposures of the mineralized intrusives at the sur-

face. Surface alteration is mainly limited to the outer prop-

ylitic zone of a typical porphyry copper deposit. Volcanic
rocks of both premineralization and postmineralization

age are exposed in the district.

2. Uranium test sites. There are two uranium sites-

Lisbon Valley, Utah, and Copper Mountain, Wyoming.

Lisbon Valley encompasses a faulted anticline of Paleozoic

and Mesozoic sedimentary rocks. Uranium mineralization

is found at depth within fluvial sedimentary units. Surface

bleaching of overlying sandstone is spatially coincident

with the ore deposits. Mapping alteration patterns, sepa-

rating and mapping the different sedimentary rock types in

the area, and mapping the vegetation cover were accom-

plished with remote sensing data.

The Copper Mountain site contains uranium deposits in

fractured and crushed Archean granites and in Tertiary
sediments of the Wind River Basin. Surface alteration or

weathering phenomena are spatially coincident with the

uranium deposits at depth. Alteration occurs with the

mineralization and consists of propylitization of the host

rocks and the replacement of pyrite with hematite. The

ore-associated alteration is probably masked by iron

oxides in the weathering zone and, thus, is not directly

observable by remote sensing techniques. The complex

Tertiary-Quaternary erosional history of the area is par-

tially interpretable by carefully mapping and analyzing

,?.
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Figure 2-1. Generalized absorption spectrum of the atmosphere at the zenith (after Goetz and Rowan, 1981 ) with the named spectral regions

examined in the Test Case Project. Wavelengths sampled and the spatial resolution of sensors are also illustrated.
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Tertiary sedimentary rocks and Quaternary gravel

deposits.

3. Petroleum test sites. Three petroleum sites were

examined. Patrick Draw, Wyoming, is a typical strati-

graphic trap. Surface geology consists of very shallow-

dipping Tertiary fluvial and lacustrine sedimentary rocks

of variable lithology. Anomalous vegetation distribution

may be related to the leaking hydrocarbon reservoir.

Lost River, West Virginia, is the location of a gas field in

the Appalachian Mountains. The reservoir is in fractured
sandstones at depth situated along an anticlinal fold. Pre-

vious regional studies suggested that locations of produc-

ing gas fields in the area are confined to zones of enhanced

faulting and fracturing. The site is heavily vegetated, with

90 percent forest cover. An important part of the remote

sensing study involved mapping the vegetation species.

Areal variations were investigated for fracture density and

for anomalous vegetation patterns possibly associated with

leaking hydrocarbons from subsurface reservoirs.

Coyanosa, in the West Texas Permian Basin, is a prolific

oil- and gas-producing area. Production is predominantly

from structural traps that are also influenced by local and

regional stratigraphic relationships. The surface is moder-

ately vegetated and is characterized by substantial Quater-

nary sedimentary cover.

II. Remote Sensing Techniques

A. Physical Basis of Geologic Remote Sensing

Two approaches are used for extracting geologic infor-
mation from remotely sensed data:

(1) In the spectral approach, the known spectral proper-

ties of materials can be used to deduce composition

from remotely sensed data and to separate units in

image data based on spectral reflectance or emit-

tance. This approach is used principally in the anal-

ysis of multispectral data and can apply to both

vegetated and nonvegetated terrain.

(2) In the photogeologic/photogeomorphic approach,

known weathering and erosional characteristics

(topographic expression) of earth materials can be

used to imply the presence of geological structures at

the Earth's surface and to project observed struc-

tural relationships into the subsurface. Information

contained in an image produced from almost any

type of remote sensing data can be useful for photo-

geologic/photogeomorphic analysis.

Laboratory spectral data have been used to establish the

physical basis for remote determination of the composition

of earth materials. Laboratory and field data enable spec-

tral features to be related to remotely obs,_rved multi-

spectral data of pure and mixed surface materials includ-

ing minerals, rocks, soils, and plants. This understanding

of remotely sensed spectral data has led to sensor designs

and image-processing techniques useful in solving a wide

variety of geologic mapping and exploration problems.

The wavelengths of interest for geologic remote sensing

extend from approximately 0.4 ,am to over 50 cm (Goetz

and Rowan, 1981). The absorption spectrum of the atmo-

sphere in this region may be divided into segments (as

shown in Figure 2-1): ultraviolet, visible and near infrared,

short wavelength infrared, mid-infrared, far infrared, and

microwave. The existence of major atmospheric absorp-
tion bands near 0.3, 0,9, 1.4, 1.9, 2.7, 4.2, 6.0, 9.5, and 15 to

900 #m makes these wavelengths unsuitable for geologic

remote sensing.

Spectral reflectance data acquired between 0.5 and

1.1 _m (visible and near infrared) may be used to deter-

mine the presence or absence of iron-oxide or hydroxide

minerals (e.g., limonite, goethite, and hematite) in soils or

rocks and the presence or absence of vegetation (Figure

2-2). The presence of Fe+3-bearing minerals may be

inferred from measurements of an absorption band that

affects the 0,4- to 0.6-_m interval. The Fe +3 electronic

transition may be deduced from an absorption band that

lies between 0.8 and 1.0 _m. The presence of vegetation is

indicated from chlorophyll absorption bands at 0.45 and

0.65 ,am.

Spectral reflectance data acquired between 1.0 and

2.5 ,am (short wavelength infrared) may be used to denote

the presence or absence of hydrous minerals (e.g., clay,
mica, and some oxides and sulfates) and carbonate min-
erals (calcite and dolomite) in soils and rocks; these data

may also indicate the state and vigor of vegetation. Impor-

tant absorption bands occurring in this wavelength region

are associated with hydroxyl ions (near 2.2 ,am, 2.3 `am, and

the short wavelength wing of a 2.77-_m absorption band

that extends to 2.0 #m). A strong carbonate absorption
band occurs near 2.35 _m. A broad absorption band attrib-

uted to leaf water content in vegetation affects the entire

1.5- to 2.5-`am interval. The depth of this absorption band

can be related to plant vigor.

Spectral emission data acquired between 8 and 14 `am
(mid-infrared, sometimes referred to as thermal infrared)

can be used to determine the relative quartz content of
soils and rocks. Soil and rock thermal inertia, soil moisture
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content, and vegetation vigor can also be determined from
mid-infrared data.

B. Description of Instruments and Data

A detailed description of the instruments and data types

used in this Test Case Project may be found in the Techni-

cal Appendix, Section 14. A brief description is provided
here to facilitate later discussion.

Aerial photographs, radar images from aircraft and sat-
ellite instruments, and multispectral scanner data from air-

craft (Table 2-2) and satellite platforms were analyzed.

The wavelength regions covered by the instruments are

shown in Figure 2-1.

Photographs consisted of natural-color and false-color

infrared (CIR) positive transparencies acquired with stan-

dard large-format camera systems. Color or color infrared

film (9 by 9 in.) was routinely collected during aircraft

scanner overflights. These photographs, at a scale of

approximately 1:40,000, were used at their original scale or

were photographically enlarged to match map scales of

1:24,000. Color and color infrared photographs collected

during the Skylab missions as part of the SI90B experi-

ment were also analyzed. These photographs were 9- by
9-in. transparencies at a scale of 1:500,000 and were ana-

lyzed at that scale.

L-band (25-cm) Synthetic Aperture Radar (SAR) data,

acquired from the Seasat orbital mission, were digitally

correlated, then enlarged to working scales of 1:1,000,000
to 1:250,000. Aircraft radar data were taken at X-band

(3 cm) in the multipolarization, synthetic aperture mode.
These were optically correlated and analyzed as photo-

graphically enlarged prints at a scale of approximately
1:50,000.

Multispectral scanner data were obtained by the Land-

sat MSS satellite sensor and by aircraft sensors: the

l l-channel Modular Multispectral Scanner (M2S), the

NS-001 Thematic Mapper Simulator, and the Bendix 24-
channel scanner. Landsat MSS data are obtained in four

spectral bands in the 0.5- to 1.1-#m wavelength region.
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Table 2-2. Primaryairbornesensorcoverageof test sites

Commodity Test Site
Photography N S-001 M2S"

Sensor

Bendix
24-Channel

X-Band
Radar

L-Band
Radar

Porphyry copper

Uranium

Petroleum

Silver Bell • • •
Helvetia • • •
Sa fiord • • •

Lisbon Valley • • •
Copper Mountain • • •

Patrick Draw • • •
Lost River • • •
Coyanosa • • • • •

"Modular Multispectral Scanner.

Data are acquired digitally; each scene covers a 185- by
185-kin area with an instantaneous field of view (IFOV) of
80 m. The M2S scanner has ten channels in the Landsat

MSS region, and one channel in the mid-infrared (ther-

mal) region. The IFOV of the data is dependent on the air-

craft altitude, but typically was 15 m. Data were acquired

with the thermal channel at night for thermal inertia stud-

ies. The NS-001 Thematic Mapper Simulator has seven

channels in the 0.45- to 2.36-/tm region and one channel in

the thermal region. The IFOV was typically about 15 m,
but varied from site to site as a function of aircraft altitude.

The Bendix 24-channel scanner obtained data only over

Lisbon Valley. At the time of overflight, only visible and

near-infrared channels were operational. The IFOV was

about 8 m. All multispectral scanner data were obtained in

digital form to permit computer image processing of the
data.

C. Interpretation Techniques

Remote sensing data were processed by various means

to create photographic products for analysis and interpre-

tation. These either were used in their original transpar-
ency form or were photographically enlarged to produce

prints at appropriate working scales.

Multispectral image data underwent extensive computer

image processing to prepare photographic prints for analy-

sis and interpretation. Detailed descriptions of the com-
puter algorithms used in processing the aircraft images are

included in the Technical Appendix, Section 14.

In order to analyze multispectral image data quantita-

tively, sensor output signals must he corrected to units

equivalent to surface reflectance values. The sensor data

can then be compared with ground reflectance measure-

ments, and the sensor can be used as a broadband spec-

trometer for mapping purposes.

Aircraft scanners are generally designed to measure the

intensity of surface-reflected solar radiation in digital

number (DN) units. Solar radiation passes down through

the atmosphere, is reflected by the surface, passes up

through the atmosphere between the ground and the scan-

ner, and is recorded by the instrument. The atmospheric

component can be either theoretically modeled or empiri-

cally removed. For the Test Case Project, the second

approach was used: an empirically derived function was

applied to remove brightness gradients due to both direc-

tional atmospheric scattering and surface geometry.

To convert the gradient-corrected radiance values to rel-

ative reflectance, four different techniques were developed:

(1) The reflectance of an identified unit on the ground
was estimated. Scanner data were then normalized

to the assumed reflectance of this unit, and values

relative to this material were obtained (e.g., basalt

was used, and a flat reflectance spectrum was
assumed). This is a simple method for calibration

when no ground spectral data exist.

(2) The ground-based reflectance data for a single unit
were used to normalize the scanner data. This is sim-

ilar to item ( 1), but is more accurate.

(3) The spectra of several different units were measured
in the field, and their reflectance values were com-

pared with scanner DN values to derive a linear

relationship between surface reflectance and scanner
DN values.

(4) Based on the observation of a Gaussian distribution

of scanner brightness values (DN), the minimum,
mean, and maximum values for each band were

extracted and plotted, versus the similar values

determined /Yore a large representative collection of
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field reflectance data for the area. These plots pro-

vided a linear transformation relating DN values to
reflectance in each band.

These four techniques are each applicable under differ-

ent circumstances, depending on the amount of ground

spectral data available. They all produce satisfactory cali-
brated scanner data, which then allow the scanners to be

used as airborne spectrometers.

Interpretation of image data generally proceeded in four

steps:

(1) Images and published maps were compared visu-

ally, primarily through the use of overlays.

(2) In situ measurements of surface reflectance and field

samples were collected and the images ground

checked to substantiate any interpretive conclusions

and to determine the cause of any unusual image
features.

(3) Laboratory spectral reflectance, X-ray diffraction

analysis, and geochemical analysis of field samples

were acquired.

(4) Further visual comparisons were made, and labora-

tory and field spectral data were integrated.

The boundaries of distinctive spectral features were

traced onto mylar overlays of the images, and individual

areas were classified and labeled according to spectral

characteristics. Maps were then placed on top of the

appropriate images and compared with the interpreted

overlays. Direct superposition of mapped geology and

alteration on the color image products and the different

image products on each other were used. Lithologic, alter-
ation, and vegetation separations could be compared and

image characteristics qualitatively deduced by examining

the image data suites themselves and externally comparing

these with theoretical and measured spectra, X-ray diffrac-

tion results, field observations, and published maps,

To compensate for geometric distortion in image data,

two techniques were used:

(1) A control grid map was constructed by drawing sec-

tion lines on clear mylar overlayed on images. Sup-

port maps were manually rotated or shifted to match

the appropriate part of the image as closely as possi-

ble: section line grids, major mapped faults, drain-

ages, topographic features, and cultural tZ'atures
were used for alignment.

(2) Image data were digitally registered to base-map

data in the computer by first establishing a control

grid from a map covering the desired image.

Control points or equivalent positions on the map and in

the image were located. The computer then calculated the

displacements that would map the control points from

their location in the image to their desired location in the

control grid. Translation, rotation, and second- and

higher-order transformations were used to match the

image to the control grid.

Ancillary data acquired at the test sites were also ana-

lyzed. Portable Field Reflectance Spectrometer (PFRS)

(Goetz et al., 1975) spectra were obtained directly in the

field in digital form. These data were processed using sta-

tistical techniques, such as linear discriminant function

analysis, to determine the separability of sampled rock,
soil, and vegetation classes and to determine the most

important wavelength bands used in the separation. Spec-

tra also were analyzed visually to assess the wavelength

intervals where maximum contrast existed between geo-

logically important units.

Lineament analysis from scanner data was accom-

plished by manually tracing lineaments directly onto

mylar image overlays. Overlay interpretations were digi-
tized, and the digital lineament information was statisti-

cally analyzed using trend-surface fitting algorithms and
other techniques for extracting and displaying directional

and density information. The results of these analyses were

compared with available geological and geophysical maps
of surface and subsurface structures to evaluate the kinds

of information interpretable from the image lineament
data.

Geochemical survey data were statistically analyzed

using multivariate regression programs and trend-surface

fitting algorithms to assess the correlation of variables, to
assess the areal variability of specific elements, and to
search for anomalous values.

Ill. Sensor Evaluation

A. Summary

For test site studies, remote sensing systems were used to

solve specific geologic mapping problems. Interpretive

maps, prepared from image data, depict structure, rock

types, mineralogy/alteration, and vegetation. The most

useful remote sensing systems for mapping features of

interest are summarized on a site-by-site basis in Table
2-3. Table 2-4, based on the number of entries of each

system in Table 2-3, provides an overall ranking of the
seven systems evaluated. Together these two tables illus-

trate the combined experience of participating investiga-

tors in evaluating available remote sensing systems for
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geologic mapping as well as for mineral and oil and gas

exploration.

Factors other than the characteristics of the sensors

themselves also affect rankings. These factors include:

(1) Amount and sophistication of data analysis activities

(NS-001 data received the most analytical attention

and radar the least).

(2)

(3)

(4)

Availability and quality of data (24-channel data
were only available for Lisbon Valley: see Table

2-2).

Whether a mappable component existed or was of

interest at a specific test site (vegetation was consid-

ered a significant cover component at petroleum and

uranium sites and was not considered significant at

the porphyry copper sites).

Whether the spectral region sampled by a sensor

was appropriate for site-specific problems (M2S data

are suited to iron-oxide mapping, a surface charac-

teristic useful for mapping rock alteration at the por-
phyry copper sites).

(5) Whether the spatial resolution of a sensor was

appropriate for the desired scale of the interpretive

map (Landsat MSS and Seasat SAR provide synop-

tic coverage of large areas with low spatial resolu-

tion, useful for regional structural study but of

insufficient spatial resolution for detailed strati-

graphic study).

(6) Whether multitemporal, repetitive coverage was

required to solve a mapping problem (Landsat MSS

and to a lesser extent NS-001 and photographic data

provided the only repetitive coverage for evaluating

seasonal scene variability such as that caused by

vegetation phenology).

Specific examples of the geologic information that was

obtained through the use of remote sensing techniques at
the individual test sites are presented below. All images

described in the following discussion appear in subsequent

sections of this report.

Table 2-3. The most useful remote sensing systems for specific mapping problems at the eight test sites a

Porphyry Copper Uranium Petroleum
Mapping Feature ......

Silver Bell Helvetia Safford Lisbon Valley Copper Mountain Patrick Draw Lost River Coyanosa

Structure

Regional trends A A A FA AF AB AB A

Faults DF DF DF DF F AF FC FD

Joints F DG D t::D FC FD

Folds F F FD FC

Rock Types

Sedimentary units F F F DG F F FD FD

Volcanics F F F

Igneous acidic F F F EF

Igneous intermediate F

Metamorphic F DF

Mineralogy/Alteration

Limonile and goethite EF E E DF EF AF AF
Hematite El- E E DF El:

Jarosite E F

Clays F F E F F

Carbonate F F F

Potassic alteration F F

Phyllic alteration F F

Propylitic alteration F AF

Vegetation
Trees DG DF FD

Brush D FD AF

Grasses D FD AF

Mixed soil and vegetation FG DF F FD AF

"The two most useful systems are shown where applicable,

A Landsat MSS C Aircraft radar (X-band)

B Seasat (I.-band) D Color aerial photographs

E MZS G Bendix 24-channel

F NS-O01
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Table 2-4. Ranking of available remote sensing systems according to decreasing overall utility (in order of decreasing number of entries in
Table 2.3) for solving mapping problems in test site studies

Sensor

Mapping Feature Color Aerial Bendix Aircraft Radar Seasat
NS-001 Landsat MSS M_S

Photographs 24-Channel (X-band) (L-band)

• •
• •

• •

Structure

Regional trends •
Faults • •
Joints • •
Folds • •

Rock Types

Sedimentary units • •
Volcanics •

Igneous acidic •
Igneous intermediate •

Metamorphic • •

Mineralogy/Alteration

Limonite and goethite • •
Hematite • •
Jarosite •

Clays •
Carbonate •

Potassic alteration •

Phyllic alteration •
Propylitic alteration •

Vegetation
Trees • •

Brush • •
Grasses • •

Mixed soil and vegetation • •

• •
• •

B. Structural Mapping

1. Helvetia porphyry copper test site. Structural analysis

performed for the Helvetia test site illustrates the use of

remote sensing data for regional structural studies. Synop-

tic images provided by the Landsat MSS are ideal for

examining the regional structural fabric of an area. A fall

scene with low sun elevation was selected to enhance topo-

graphic features: a CIR composite was used to enhance

tonal or spectral boundaries. A manual lineament analysis

was produced on a mylar overlay, and the lineaments were

digitized.

Computer processing of lineament data provides an

objective method for evaluating what would otherwise be

a hopeless maze of lines. Here, simple visual inspection of

lineament data failed to reveal significant features or to

separate trends from background. A rose diagram summa-

rizing the strike-frequency distribution of the lineament

data reveals three trends. These trends correspond to three

major deformation events that occurred in the area during

the Precambrian, the Paleozoic, and the Laramide

orogeny.

Lineaments were also contoured by density to assess the

relationship of areal variation in lineament concentration

to regional tectonics. The contour map was compared with

tectonic boundaries defined on the basis of paleostrati-

graphic data and with regional residual aeromagnetic data.

In both cases, lineament density maps confirmed tectonic

trends and features defined by these other geological and

geophysical techniques.

2. Patrick Draw petroleum test site. Subtle folds were

mapped on the east margin of the Rocky Mountains.

Images produced from topographically registered NS-001

data were interpreted at a !:48,000 scale to detect subtle

structures. Individual, thin sandstone beds were traced

throughout the area. With the aid of elevation data, these

bedding plane traces were used to determine dip and strike

throughout the NS-001 image area. This information

revealed several previously unmapped folds. The NS-001

spectral information made it possible to identify the extent

of discontinuous units that could not be followed with cer-

tainty on color aerial photographs. Subsequent examina-

tion of stereo aerial photographs and observations in the
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field confirmed the existence of these subtle structures,

which have limbs that dip only 1° to 3 ° and are therefore

difficult to identify with field mapping techniques alone.
Available subsurface data for the Patrick Draw oil field do

not confirm the existence of these minor surface flexures in

the subsurface. Although oil field productive limits are

best defined by stratigraphic variations, these results

nevertheless demonstrate the utility of remote sensing

methods for mapping subtle folds.

3. Lost River petroleum test site. Areal variations in

fracture density were mapped in the Appalachian fold
belt. Linear discontinuities in the tone or texture of

remotely sensed images, referred to as lineaments, may

represent the surface expression of subsurface faults and

joints (fractures) (Hodgson, 1974). A lineament study was

conducted at Lost River to evaluate operator and image

bias in lineament interpretation and to develop efficient

methods of lineament analysis for locating potential frac-

tured reservoir targets. Both Landsat MSS and NS-001

data were used to obtain regional and site-specific linea-
ment data. MSS data were interpreted at a scale of

1:500,000, although the resolution capability of the MSS
would have allowed mapping at a 1:250,000 scale. Analysis

of 1:500,000 Landsat MSS image interpretations prepared

by independent interpreters demonstrated that subjectivity

in recognizing individual lineaments may be overcome by

mapping areal variations in lineament density (number of

lineaments/unit area). Such maps show that the Lost River

gas field is located beneath an area of high surface linea-

ment density. The NS-001 data were interpreted at an

image scale of 1:48,000 for convenient comparison to other

existing map data. Lineament density maps at 1:48,000,

derived from NS-001 data processed to enhance specific

lineament trends, yielded lineament density isopleths that
mimic subsurface structural contours on the reservoir of

the Lost River gas field.

C. Rock Type/Lithologic Mapping

I. Silver Bell porphyry copper test site. The NS-001 data

for Silver Bell provide an example of the utility of NS-001

data for separating rock types. Data were processed using
different algorithms, including band ratioing, canonical

transformations, principal components (PC) analysis, and

supervised classification. Image interpretation results were

generally equivalent, indicating that the wavelength

regions sampled by the NS-001, rather than the particular

processing algorithm, were responsible for lithologic dis-

crimination. The ratio composite image is discussed below.

The ratio composite image was produced by displaying

the NS-001 band-ratios 1.65/2.22 /_tin, 0.66/0.56 /_m, and

0.83/1.15 t_m as red, green, and blue, respectively (Figure

2-3). (A similarly useful ratio image was produced by using

the 1.65-/,tm band in place of the 1.15-_m band.) This

image exhibits a great deal of color contrast among the

various rock/alteration types; approximately 25 rock and

soil lithologies were separable on the image (Figure 2-4),

compared with approximately 6 on color aerial photo-

graphs, and 10 on M2S images.

a. Igneous rocks. In general, the most mafic igneous

rocks were dark blue to green on the image; intermediate

rocks, medium to light blue; and the most felsic rocks,

pink to cyan. The Silver Bell andesite was easily discrimi-

nated as deep indigo blue, apparently produced by the flat,

featureless spectral response of this low albedo material.

Exposures of the Mt. Lord lgnimbrite typically exhibited a

turquoise blue color, with dark shadows due to the rugged

relief formed by the ignimbrites. The Mr. Lord Ignimbrite

was confused locally with fresh dacite porphyry, which it

resembles petrographically, and in a few instances with

Tertiary basalt. The relatively dark bluish image color of

fresh dacite porphyry and Mr. Lord Ignimbrite was some-

what anomalous, considering their quartz latitic composi-

tion. This was apparently due to the dense, welded

character of the two units and their tendency to weather

into heavily iron-oxide-stained talus fragments due to the

presence of small amounts of pyrite and magnetite.

Exposures of relatively flesh monzonite porphyry and
alaskite were also distinct on the color ratio composite

image. An alaskite stock was displayed as a pale bluish

area, while a monzonite porphyry stock was pale cyan. The

pale blue to cyan shades probably result from small

amounts of highly dispersed clays, produced by weather-

ing or weak hydrothermal alteration.

Flow-banded quartz latite plugs resembled fresh
monzonite, but were separable on the basis of their very

pale lavender to white color, indicating a high silica con-
tent and the presence of very small amounts of clay. Latite

intrusives, compositionally similar to the monzonite por-

phyry, were not obscured by deep shadows; the latite was

pale lavender-brown.

Precambrian granite was generally displayed as yellow-

ish green to yellowish orange, The image characteristics of

the Precambrian granite suggest that it is altered and con-
tains clays and limonite. This alteration could result

from weathering, hydrothermal alteration, and/or

metamorphism.

b. Sedimentary rocks. Consolidated sedimentary rocks

rich in iron oxide were dark green on the NS-001 color
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composite image because of the effect of the iron charge-

transfer absorption in the ultraviolet. Mesozoic red beds

and sedimentary rocks of the Precambrian Apache Group

both were green on the image, reflecting high iron-oxide

and low clay content.

Paleozoic limestone units generally appeared rust-
brown. Reliable discrimination of limestone was often

hampered by the characteristic formation of resistant land-
forms, including cliffs and ledges, which produced deep

shadows. The effect of contrast enhancement and ratioing

is to subdue topography, causing much of the limestone to

be displayed as exceptionally dark or light regions. In
some areas, the detailed contact relations between Paleo-

zoic limestone and other units were totally obscured.

2. Lisbon Valley uranium test site. This site includes the

Lisbon Anticline and to the northeast an adjacent NW-

trending anticline, the Lisbon Canyon Anticline, and a

parallel syncline, the East Coyote Wash Syncline. The

Lisbon Anticline has Pennsylvanian limestones exposed in
the axial region. These rocks are overlain by Permian,

Triassic, and Jurassic red beds found dipping gently south-

west in the southwestern limb. The Lisbon Canyon and

East Coyote Wash structures involve only Jurassic and

Cretaceous strata; these are thrown into juxtaposition with

the Pennsylvanian limestone section along the Lisbon

Valley normal fault. The fault structure, with several thou-

sand feet of displacement, dips northeast and parallels all

major fold axes. The area is covered by soils of intermedi-

ate and immature development and is heavily vegetated

locally with stands of pifion-juniper and sage-grassland

community plants.

The NS-001 aircraft scanner data were displayed in the

form of PC and color ratio composite images to study the

distributions of rock types in these structures. These data

have a surface resolution of approximately 15 m. For

Lisbon Anticline, it is possible to define all of the major

conventional lithologic units in the image data, together
with finer subdivisions of some formations representing

detailed variegated bedding. More detailed bedding rela-
tions were used to identify an angular (Permian-Triassic)

unconformity present in the section.

Major limestone units are easily separable in all image

renditions according to differences in vegetation cover and

albedo. In general, the limestones are heavily tree covered.

Local variations of tree cover and topographic shadowing

produce image patterns that might be confused with possi-

ble lithologic variations. Initially, aerial photographic and,
to a lesser extent, field observations werc used to establish

the nature of these arcas.

Stratigraphic relations depicted in the image data
allowed the structure of the anticline to be delineated and

an approximate position of the Lisbon Valley Fault to be

established along the axis of the anticline. The Lisbon
Canyon Anticline could not be defined in the images (no

stratigraphic marker), although detailed analyses revealed
the deformation of some units in the structure coincident

with minor axial faults mapped by geologists in the field.

In East Coyote Wash Syncline, NS-001 color ratio com-

posite images were used to map the distribution of strata in

the structure. A prominent, unmapped stratigraphic subdi-

vision of the Cretaceous upper Burro Canyon Formation

was recognized in these data. The new unit graphically

delineates the overall structure of the syncline. The out-

crop area of this unit contrasts along the synclinal axis to

the northwest in accordance with published observations

of Burro Canyon sedimentation patterns.

While detailed field checking all of the relations was not

possible, it is evident that most of the major image unit

subdivisions correspond to major albedo or color differ-

enccs in the rocks, to differences in vegetation cover, or to

shadows. All color relations found in the images could be

explained from ground data or alternatively by examina-

tion of aerial photographs. For these problems, the NS-001

and M-'S spectral resolutions were thus judged to be

adequate.

The geologic interpretation of image data for this site

was hampered mostly by areal resolution of the images

and by the lack of stereoscopy. Where field checking of

interpretations was not possible, aerial photographs were

used, and it was usually possible to resolve controversial
issues by examination of these, particularly in stereo.

3. Copper Mountain uranium test site. The Copper
Mountain site is located on the south flank of the Owl

Creek Uplift, a Laramide-age overthrust of Precambrian,
Paleozoic, and Mcsozoic rocks southward into Wind River

Basin. Uplift and erosion subsequently filled the basin

with deposits of Eocene, Oligocene, and Miocene tuffa-

ceous sedimentary rocks that buried preexisting landforms.
Post-Pliocene uplift and erosion have reexcavated the

mountains and basin and led to development of a series of

crosion surfaces and Quaternary sedimentary deposits

along the mountain front.

NS-001 multispectral aircraft scanner data were used to

investigate stratigraphic problems in the Eocene and Qua-

ternary sediments. A comparison of published geologic

maps with the PC maps derived from NS-001 data showed
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Figure 2-3. NS-001 color ratio composite of the Silver Bell, Arizona, test site. Band-ratios 1.65/2.22/Lm, 0.66/0.56/=m, and 0.83/1.15 #m are

displayed as red, green, and blue, respectively.
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Figure 2-4. Interpretation map of the Silver Bell NS-001 color ratio composile (Figure 2-3)
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remarkable coincidences and notable disagreements. Some

of the stratigraphic problems identified are as follows:

(1) Subregional and local stratigraphic correlations

derived from colors in the images evoked alternate

interpretations to the published mapping interpreta-

tions. The Eocene sedimentary record represented

by the Wind River Formation and Wagon Bed For-

mation is characterized by variegated but nonde-

script sediments, complicated physiography, and

confusing depositional relations involving complex

erosional episodes, diverse lithology, and highly

variable topographic relief. Colluvial masking of

surface units is widespread, and this masking phe-

nomenon can be easily confused with the local

reworking of one formation within another. These

relations are often not resolvable by conventional

photogeologic interpretation. The NS-001 image

data provided objective evidence upon which to pro-

pose some new correlations. NS-001 data were used

to define major (noncontroversial) stratigraphic

boundaries in an unambiguous fashion and to

extend these relationships throughout the area.
From this basis, local modifications in the correla-

tion schemes were established at smaller spatial
scales.

(2) The system of Quaternary stratigraphic units present

at the test site was identified in the NS-001 image

data. On the basis of observed variations in image

tone, it was possible to subdivide units previously

undivided in published geologic maps. Reference to

topographic maps showed that the image units so

defined were separable on a topographic basis and

represented distinct ages in alluvial fan development
and dissection. Separate fans identified in the scan-

ner images are characterized by variable source

materials, vegetation cover, soil development, and

possibly surface, macroscopic particle-size distribu-
tion. These fan characteristics can, in turn, be

related to successive stages of uplift and erosion

within the study area.

4. Patrick Draw petroleum test site. Strata in the Patrick

Draw test site are poorly exposed. Rare exposures seen in

the field are a monotonous sequence of drab-colored

shales, mudstones, and sandstones that are laterally dis-

continuous. For these reasons, field mapping bedrock units

in the area is difficult. Early interpretations of NS-001

color composite images revealed an unmapped strati-

graphic unit that could be traced throughout the entire test

site. Evaluations of published soil maps, analyses of labo-
ratory and field spectral and mineralogical data, and

observations in a trench traversing the unit confirmed the

lithostratigraphic validity of the unit and demonstrated

that its image expression was the result of the following
characteristics:

(1) The unit is less resistant and generally finer grained

than adjacent units. It is gypsiferous, includes the

thickest and highest stratigraphic occurrence of coal,

and is characterized by calcite-cemented sandstones.

(2) Residual soils above the unit are grass-bearing, gyp-

siferous clay loams, while soils over adjacent units

are sage-bearing, sandy loams.

(3) Reflectance in all NS-001 bands is higher for the

unit than for adjacent strata. NS-001 band-ratio

values for the unit indicate absorption features

attributable to kaolinite, montmorillonite, jarosite,

and gypsum.

This result demonstrates the value of NS-001 multispec-

tral data for detailed stratigraphic analysis. NS-001 band

locations and spatial resolution are sensitive to subtle vege-

tation and mineralogical changes not readily discernible in

Landsat MSS data, aerial photographs, or field observa-

tions. With the aid of ancillary field and laboratory spec-

tral data and mineralogical analyses of residual soils,

NS-001 image spectral units can be related to bedrock

stratigraphy.

D. Mineralogy/Alteration Mapping

!. Silver Bell porphyry copper test site. The best dis-

crimination of hydrothermally altered rocks at the Silver

Bell site was provided by the NS-001 Thematic Mapper
Simulator data. Several different processing algorithms

were applied to these data, including band ratioing, canon-

ical transforms, principal components, and supervised

classifications. The first two processes were the most satis-

factory since they were designed to enhance the spectral
characteristics of altered rocks.

A color ratio composite image was prepared by using

green, blue, and red filters for band-ratios 0.66/0.56 ttm,

0.83/1.15 gm, and 1.65/2.22 _m, respectively (see Figure

2-3). The effect of this processing is to enhance iron-oxide-

rich areas in green, due to the presence of the Fe charge-

transfer absorption band in the ultraviolet, and clay-rich

areas in red, due to the hydrous minerals absorption band
near 2.2 t_m. Areas of hydrothermal alteration, with mix-

tures of clay, sericite, and limonite, would appear as

orange to yellow, due to the combination of red and green

color components. The ratioing process resulted in a stark
contrast between the dark-toned unaltered rocks, in shades

of blue and green, and the hydrothermally altered rocks, in

bright yellow to orange. The main Silver Bell alteration
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zone was vividly outlined as a yellowish-orange band,

almost perfectly coincident with the boundary of the phyl-

lic/potassic alteration zones on the available alteration

map. No discrimination could be made between phyllic

and potassic alteration because both appear as yellowish-

orange areas due to physical overprinting of the phyllic

zone on the potassic core.

Peripheral alteration, corresponding mainly to propylitic

and/or argillic alteration, was visible in numerous out-

crops of Mt. Lord lgnimbrite, monzonite, and dacite por-
phyry on either side of the main alteration zone. The

peripheral alteration areas were yellowish-green to yellow-

ish-brown patches with mottled or dispersed patterns and

often vague, poorly defined boundaries. These features

probably reflect the dispersed, nonpervasive distribution of

clay minerals and the gradational transition into fresh
rocks.

Evidence of hydrothermal alteration was visible in two

areas: (1)reddish-orange outcrops of limonite-stained Pre-

cambrian granite north of the Ragged Top Fault, and (2) a

small, semicircular area of yellow to orange hue in grano-

diorite porphyry south of the fault. The latter area is

caused by a zone of clay, limonite, and copper oxides

within a small prospect tested by several drill holes. Small,

dispersed zones of apparent alteration were also seen in
the Mt. Lord and the Claflin Ranch Formation in the West

Silver Bell Mountains and in Precambrian granite in the
Waterman Mountains. Some of the yellowish areas in the

West Silver Bell Mountains correlate with weak argillic-

type alteration on the surface.

2. Helvetia porphyry copper test site. Hydrothermal

alteration products exposed at this test site include various

iron-oxide/hydroxide minerals. The different species of

iron-oxide minerals, specifically hematite (Fe203), goethite
(FeO.OH), and jarosite (KFe3(OH)6(SO4)2), have differ-

ent spectral reflectance characteristics and are not neces-

sarily derived from the same sources. Jarosite is almost

always associated with hydrothermal alteration processes.

Hematite often results from oxidation of pyrite and chal-

copyrite in porphyry copper deposits associated with car-

bonate rocks and is a prominent constituent of gossans.

Goethite is more widely distributed, but can also be an

alteration product. M2S data have narrow spectral bands,

which might allow separation of these minerals. Figure 2-5

shows representative reflectance spectra for hematite,
jarosite, and goethite, along with the MzS band intervals.

The spectra are displaced vertically for clarity.

The spectral absorption bands in all three curves are due

to electronic transitions involving ferric iron. Typically,
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Figure 2-5. Reflectance spectra for hematite, jarosite, and goethite

(from Hunt and Ashley, 1979). Spectra are offset vertically for clarity;

also shown are the M2S band intervals for channels 4, 6, 8, 9, and 10.

The inset figure shows M2S values for band-ratios 8/9 and 9/10 for

hematite (H), goethite (G), and jarosite (J) derived from these spectra.

there are three broad features located near 0.45, 0.65, and

0.9 _m and a strong band in the ultraviolet, which pro-

duces the rapid falloff in reflectance to shorter wave-

lengths. Only jarosite shows the 0.45-#m band, while all

three spectra depict the 0.65-tzm band. But most significant

is the position of the 0.9-_m band. In jarosite and goethite,
this band is centered at about 0.93 /,m; in hematite, the

band is displaced toward the shorter wavelength at about
0.85 ttm. Although the M2S bands are not ideally placed

over these regions, the positions of bands 8, 9, and 10

should produce different reflectance values for the three

minerals. By reading off the reflectance values in these

three bands, the equivalent 8/9 and 9/10 band-ratio values

were calculated and plotted (inset graph, Figure 2-5). In

their pure form, the three minerals are clearly separable.

This analysis was applied to the M2S image data by con-

struction of two ratio composite images; one with band-

ratios 4/6, 6/8, and 8/9; the other with band-ratios 4/6,
6/8, and 9/10. Then two images were displayed using blue

for 4/6, green for 6/8, and red for either 8/9 or 9/10

(Figure 2-6).

Examination of the two ratio composite images indi-

cated that the preliminary analysis of iron-oxide separa-

tions was borne out. On the 8/9-ratio image, hematitic

arkoses were orange, and iron-oxide-bearing rocks that are
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Figure 2-6. M2S color ratio composites of the Helvetia, Arizona, test site: (a) band-ratios 4/6, 6/8, and 9/10 are displayed as blue, green, and
red, respectively; (b) band-ratios 4/6, 6/8, and 8/9 are displayed as blue, green, and red, respectively

dominantly goethitic were yellow. In the 9/10 ratio, the

arkoses were dark brown: this color change verilies the

graphical data of Figure 2-5. A jarositic mine dump was

yellow on both the 8/9 and 9/10 images, as would be pre-

dicted from the data of Figure 2-5. The narrowness of the

M:S spectral bands, despite their nonideal positions,

allows separation of iron-oxide minerals based on the shift

of the fcrric-iron absorption band near 0.9 _tm.

3. Safford porphyry copper test site. One of the prime

objectives of the Safford test site study was to evaluate

remote sensing instruments fi_r their ability to discriminate

alteration zones. The Landsat MSS spectral bands and

spatial resolution were adequate for mapping the large

limonitic (weathered pyritic) zone over the Kennecott ore

body. The best Landsat MSS image for mapping this zone

was the PC image, in which the third PC sharply' deline-
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ated limonite. The three-ratio (4/5, 5/6, 6/7) color com-

posite also delineated the same area, but as a more diffuse,

less obvious zone. The Landsat MSS three-ratio image was

advantageous because the spectral signatures can be iden-

tified by their image color coding. For example, not only
was the limonitic zone coded in the expected orange-red

tone, but a propylitic Mesozoic andesite outcrop was

mapped in this image as a cyan tone as would be predicted

from the laboratory spectra of these rocks.

A Landsat MSS band 4, 5, 7 CIR composite image

depicted the same limonitic zone in the expected yellow
tones at about the same distinctiveness as the color ratio

image. However, the CIR image did not portray the Meso-

zoic andesite as distinctly as did the ratio image. Lithologic

differences in the postore Datil Volcanics overlying the

host rock were more sharply delineated on the CIR image.

One of the main limitations of the Landsat MSS data

was spatial resolution. None of the digital Landsat MSS

images showed the limonitic porphyry stocks exposed in

the area, although these were delineated by the color pho-

tographs and multispectral aircraft scanner images. These

limonitic zones are about the size of one MSS picture ele-

ment or pixel (80 m).

The spectral ranges of the visible and near-infrared
channels used from the M2S scanner are similar to Landsat

MSS channels. An M2S color ratio composite image
showed the same color coding of geologic features as the

Landsat MSS ratio image. However, the image improve-

ment resulting from the 8-fold increase in spatial resolu-

tion was dramatic. Small limonitic porphyry outcrops were

clearly shown on M2S images. This comparison demon-
strates the value of increased spatial resolution.

The increased spectral resolution of the MzS produced

additional mineralogic information not available from the

Landsat MSS, including detection of copper oxides and
mixed alteration zones. The bandwidths of the M2S scan-

ner are less than one half that of the Landsat MSS: twice

as many M2S spectral bands occupy the same spectral

range as the Landsat MSS. The geologic information con-

tent of the NS-00[ Thematic Mapper Simulator images

was also increased by the 8-fold increase in spatial resolu-

tion. As in the case of M2S images, NS-001 images clearly

portrayed limonitic porphyries.

Compared with the M2S, the NS-001 has less spectral

resolution in the shorter wavelength region: thus, some

mineralogic discrimination was lost. However, the exten-

sion of the NS-001 spectral range to bands centered at 1.6

and 2.2 #m enabled the use of the NS-001 to map the clay-

type alteration directly. This capability cannot be achieved
with the spectral range of the M2S and Landsat MSS sen-

sors. Because the ability of the NS-001 to detect phyllic

alteration zones did not depend on the presence of limo-

nitic gossans, NS-001 data reveal more than 90 percent of

the phyllically altered areas by virtue of the clay absorp-

tion band at 2.2/_m and the increased reflectivity of phylli-

cally altered rock at 1.6/_m.

An NS-001 color ratio composite image (3/2, 4/5, 6/7)

was particularly useful for relating image spectra to miner-

alogy. A canonical transform image was not useful, but did

segregate phyllically altered areas into two subcategories.

Used together, the canonical transform and the color ratio

composite images enabled phyllic alteration to be sepa-

rated into three categories: (1) latites and quartz monzon-

ite, (2) leached, pyritic vent breccia and tuff, and (3)

heavily argillized areas. Together these two images also
allowed the resolution of tonal confusion between altera-

tion zones and dense clumps of vegetation. The NS-001

images did not distinctly segregate the limonite gossans

(pyritic zones) within the phyllic zones. The M2S images

were the best for sharply defining the ferric and copper
oxides.

A "thermal inertia" image was generated by combining

three images as a false-color composite: an albedo (pan-
chromatic solar reflectance) image was combined with a

daytime thermal infrared image and a nighttime thermal

infrared image. The thermal inertia image revealed hydro-

thermally silicified rocks of the most intensely altered

quartz-sericite (phyllic) halo. These silicified areas were

delineated by their combination of high albedo and high
thermal inertia, i,e., relatively cool daytime temperature

and warm nighttime temperature.

4. Lisbon Valley uranium test site. The Wingate Sand-

stone is a rose-colored, fine-grained eolian unit of Jurassic

(?) age. In Lisbon Anticline, the sandstone forms a dip

slope on the southwest limits and is a prominent cliff-
former. In the Big Indian Uranium Mining District, com-

prising approximately the northwest one-quarter of this

structure, the Wingate Sandstone is bleached to buff and

white colors. In the past, exploration geologists had noted

a general correlation between bleached Wingate Sandstone
exposed at the surface and the presence of uranium miner-

alization at depth within the underlying Chinle Formation

(Moss Back Member). However, previous exploration

models were of a very local, empirical type, generally not

making use of this information. The historical develop-

ment of this district relied mainly on extension drilling to
recover mineralized channel structures in the Moss Back

Member of the Chinle Formation.
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The Bendix 24-channel (7.5-m resolution) and NS-001

(15-m resolution) multispectral image data were used to

map and define the position of bleached Wingate outcrop

in Lisbon Anticline. In addition to outcrops throughout

the Big Indian District, the images permitted (1) mapping
bleached strata in the southern part of the anticline, and

(2) establishing an immediate correlation between altered

rocks in northern and southern areas. For comparison, a

detailed photogeologic analysis of Wingate bleaching was

made using color aerial photographs. On the basis of this

analysis, it was possible to recognize three general facies
within the section: bleached sandstone, unbleached sand-

stone, and an intricately banded transition facies between

the two. Furthermore, using stereoscopic aerial photo-

graphs, the relative stratigraphic relation of these units

could be established and mapped throughout the struc-

ture. These relations, when transferred to a topographic

map, showed bleached outcrops at high elevations along
the anticlinal crest and transition facies at lower elevations

along the limb.

Detailed interpretations of the Bendix 24-channel data

were also made by the use of transparent overlays. The
image bands were combined in a canonical transform

image designed to separate bleached and unbleached rock.

The data with a surface resolution of 7 m allow interpreta-
tions very roughly comparable to those of the aerial photo-

graphs with a surface resolution of approximately I m. It

was possible to separate bleached and unbleached facies of
this sandstone and certain of the thicker bedded units of

the banded transition facies as well. In addition, image

units corresponding to drill roads and pads, shadows, veg-

etation, and soils were mapped. One new image unit with

an apparent bedded aspect, observed in these interpreta-

tions, did not correspond to the usual stratigraphic layer-

ing of the Wingate and remains geologically unexplained.

The NS-001 multispectral scanner data were used to

extend these interpretations to the southern outcrops. The
detail recoverable in these extensions was less than that in

the Bendix 24-channel data because of poorer surface res-

olution (15 m), but an offsetting advantage was the exis-

tence of stereoscopic image coverage for a few important

outcrops. The existence of stereoscopic images permitted

determination of strike and dip for some important hori-

zons. It was evident from this cursory analysis that stereo-

scopic coverage enhances the value of any image data as a

geologic mapping tool.

The separation of bleached and unbleached facies of

these units was possible in Landsat MSS, Bendix 24-chan-

nel and NS-00t aircraft data, in color composites and color
ratio composites, and in PC and canonical transform

images. Spectrally, the bleached and unbleached rocks

differ in strength of Fe +3 absorption present and in albedo.

No additional bands would seem to be required to estab-

lish these separations.

5. Copper Mountain uranium test site. Uranium miner-

alization at Copper Mountain is found in Precambrian

granitic rocks beneath partially exhumed Eocene-age pedi-
ment surfaces and other Eocene landforms. The minerali-

zation, confined to highly fractured rocks along fault

zones, represents the remains of more extensive deposits

that existed prior to the exhumation of the present ero-

sional surface. The pediment surfaces, where exposed, are

veneered by a complex assemblage of iron oxide and

hydrate iron oxide, and have a bright rusty-orange appear-
ance in the field.

Exploration geologists defining and developing the

Copper Mountain uranium resource developed a super-

gene genetic model for the mineralization in which the

granitic rocks overlying mineralized zones (together with

once present but now eroded tuffaceous sediments) acted
as sources of uranium. Surface waters leached the ura-

nium, transporting it to depth and discoloring the surface

rocks. M2S and NS-001 multispectral scanner data were

used to map the distribution of this alteration/weathering

effect throughout the Copper Mountain test site. From the

M2S data, Landsat MSS band-equivalent color ratio com-

posites (4/5, 4/6, 6/7), found useful in previous studies for

mapping iron oxidation and vegetation, were prepared.

The distribution of oxidation effects mapped throughout

the study site in I I-channel M2S data showed the most

intense oxidation over areas corresponding to the topo-

graphically well-defined pediment surface along the range
front. In addition, the oxidation extended over numerous

valleys, ridges, and talus slopes higher in the range. Oxi-

dized outcrops corresponded lithotogically to granite, Pre-
cambrian metasediments, and Cambrian brown

sandstones alike. In addition, the NS-001 data were ana-

lyzed with the PC transformation. The distribution of oxi-

dation in the NS-001 images was more restricted. In this

case, the zones of most intense effects were depicted sepa-

rately and were physiographically confined to exhumed
granitic portions of the pediments.

The image-derived weathering patterns were compared
with the distribution of uranium mineralization based on

exploration drilling. This comparison shows that the NS-

001 data provided a more accurate delineation than the
M2S data of limits of the oxidation effects associated with

mineralization. Some aspects of the observed oxidation

patterns were identifiable because the physiography was
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analyzed independently of topographic maps and field
studies.

Oxidation patterns other than pediments corresponded

to exhumed paleotopographic landforms characterized by

smooth slopes and rotten, decomposed granite rock (grus-

mantled) at the surface. These results emphasize the

importance of topographic information in the analysis of

image data.

Attempts to map prominent surface outcrops of ore-

associated hematite elsewhere using automatic machine

classification (Bayes-Maximum likelihood) methods were

unsuccessful because the field-established training areas

were small and hard to locate accurately in the image data.
Both of these problems would have been reduced or elimi-

nated by increased spatial resolution in the scanner data.

E. Vegetation Mapping

i. Patrick Draw petroleum test site. An interior sage-

grassland community constitutes the vegetation cover at
the Patrick Draw site. NS-001 data were used as variables

in a supervised classification computer analysis to produce

an accurate map of percent vegetation cover in a 350-km 2
area. The first seven NS-001 bands were used as variables

for the classification. This procedure proved to be both

time and cost effective and resulted in a map of vegetation

density that could not have been produced using Landsat

MSS data, aerial photographs, or conventional field botan-
ical methods. The resulting vegetation density map and

field observations revealed normal variability in plant den-

sity and led to the identification of an area of abnormally

low vegetation cover, characterized by stunted sage and a

lack of associated grass cover. Surface geochemical data

suggest that this occurrence of stunted sage may be a

response to hydrocarbon seepage from the gas cap of the
Patrick Draw reservoir.

2. Lost River petroleum test site. The Lost River test site

is completely vegetated, largely by natural deciduous tree

species. NS-001 data were used as variables in discrimi-

nant function/supervised classification computer analyses

to produce accurate maps of 10 local vegetation communi-

ties in a 600-kin 2 area. Data were acquired during peak

fall-foliage display. Spectral separations among species

were based on differences in leaf pigment in the visible
portion of the spectrum, and leaf structure and water con-

tent most prominent in the 1- to 1.3-t_m spectral region

(NS-001 band 5) and around 1.6/tm (band 6). The 15-m

pixel size was significant for mapping because it corre-

sponds approximately to the size of individual tree crowns.
The five NS-001 bands and band ratios most useful for

mapping vegetation communities were 6, 2/5, 4/5, 5, and

2/6. Again, this procedure proved to be a time- and cost-

effective means of mapping vegetation, which would have

been impossible using Landsat MSS data, aerial photo-

graphs, or conventional field botanical mapping methods.

The resulting vegetation map of the test site revealed

normal variability of plant distribution and led to the iden-

tification of two areas of abnormal maple tree concentra-

tion. The abnormal maple concentrations may be related

to bydrocarbon seepage from the subsurface reservoir of

the Lost River gas field.

IV. Conclusions and Recommendations

This Test Case Project was primarily concerned with the

evaluation of remote sensing data obtained by optical

scanner systems, both spacecraft and aircraft. The major
sensor-related variables considered in this evaluation were

spectral resolution and band position, and spatial
resolution.

The spectral resolution of existing sensors employed in

this Project was dictated primarily by engineering consid-

erations. The M2S scanner covered the wavelengths short

of 1.0 ,am in 10 spectral bands, and the wavelength range
was limited by the spectral sensitivity of silicon detectors.
The NS-001 scanner was built to simulate the TM flown on

Landsat 4 and 5, with the addition of a band in the 1.0- to

1.3-_m region. The positions of the bands were dictated by

atmospheric windows, and the width of individual bands

was relatively broad to increase the signal-to-noise ratio.

The width and positioning of these spectral bands are not

necessarily optimum for identifying surficial materials.

Laboratory spectra and theoretical studies suggest that

sensor systems possessing a larger number of narrower

spectral bands than presently available can potentially

provide more specific mineralogical and vegetation infor-
mation for mapping purposes.

The 0.4- to 2.5-_m wavelength region can be divided

into three major parts (Goetz and Rowan, 1981; Hunt

1977): the 0.4- to 1.1-ktm region, which includes most of
the electronic transitions in the transition elements, nota-

bly iron; the !.1- to 2.0-/tm region, which includes absorp-
tion features in minerals, and variations in leaf structure

and water content in vegetation; and the 2.0- to 2.5-,ttm

region, which includes the overtone bending-stretching

vibrations for minerals containing OH, CO j, and SO 4 ions.

To describe the spectral reflectance characteristics of min-

erals, particularly in the 2.0- to 2.5-/_m region, a spectral

sampling of 0.01 tLm or better is required. Imaging systems

with such capabilities are now being built. At the time of
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this Test Case Project, the construction of sensor systems

with spectral sampling intervals narrower than approxi-

mately 0.05 _m was not anticipated. A study was con-
ducted, as described below, to determine the relative

advantages of increasing the spectral resolution signifi-

cantly over the resolution of existing scanner systems used
in this study.

A. Band Selection by Discriminant Function Analysis

Discriminant function analyses were performed on the

PFRS field data to assess the ability of various sets of

wavelength bands to separate rock types on the basis of

spectral reflectance, Rock types encountered at the por-

phyry copper test sites were considered in this analysis.
Three instruments were simulated: the Landsat TM (six

bands), the NS-001 Thematic Mapper Simulator (seven

bands; 1.0- to 1.3-/zm band in addition to the six TM

bands), and a hypothetical 30-channel instrument with

0.05-p,m-wide, equally spaced bands over the 0.475- to

2.475-#m range. The analysis provided the order of band

selection, based on the ability of the instruments to sepa-

rate the classes of materials input as training data. A sum-

mary of the band selection order is presented in Table 2-5.

The Landsat TM and NS-001 analyses are combined since

the only difference between these sensors is the presence of
the 1.15-/tm band on the NS-001. In all cases, the order of

band selection was the same for the TM and NS-O01,

except the 1.15-/tm band was additional to the NS-001

analyses.

The Silver Bell analysis of the NS-001 scanner exhibits

a nearly one-to-one correspondence in both the wave-

length position and order of spectral bands that were

identified as optimally suited for rock-type discrimination

in the analysis of the hypothetical 30-channel scanner.

The most important band was the 1.65-#m band, tbllowed
by the 2.22-/_m band. From a statistical standpoint, the

TM bands are the optimum bands for discriminating the

suite of altered and unaltered rocks sampled at Silver Bell.

The 1.15-/_m band was the last one selected, suggesting
that exclusion of this band from the TM would have little effect

on the efficiency of detecting Silver Bell type alteration.

The Helvetia analysis shows a similar behavior for the

first three bands selected. The 30-channel analysis then

selected three bands in the 2.2-/tm region, presumably to

separate altered clay-bearing rocks from carbonates. The

0.83- and 1.15-1am bands were not selected in the first

seven bands in the 30-channel analysis.

A somewhat poorer correlation exists for the Safford

analysis. The 1.15-_tm band was selected third, indicating

that it is fairly important for separating the suite of rocks

sampled at Safford. The 2.2-, 0.5-, 0.9-, and 1.55-ttm regions
were selected in the 30-channel analysis as the most impor-

tant. These channels fairly closely match several of the TM
channels.

A summary of the Landsat TM and NS-001 band selec-

tion order for the three copper sites is found in Table 2-6.
The seven bands were examined for the order chosen, then

ranked by summing up the three orders for each test site.

For example, the 0.48-/_m band was selected third at Silver
Bell, first at Helvetia, and seventh at Safford, for a total

score of l i. By this criterion, the overall most useful was

the 1.65-p_m band, followed by the 2.2-p,m band. The
NS-001 1.15-/_m band was ranked fifth-sixth; the least

useful was the 0.83-1_m channel.

B. Spatial Resolution

The requirements for spatial resolution in satellite

remote sensing systems have been debated since the 1960s.
The IFOV of the Landsat MSS detectors was dictated by

swath width, signal-to-noise ratio requirements, and data

rate. In the Test Case Project, it has been shown in all of

the test sites that images with 80-m pixels are primarily

Table 2-5. Band selection order for Landsat TM, NS-001, and conceptual 30-channel instrument

Silver Bell ltelvetia Safford

TM _ 30 X_.

1.65 1.60

2.22 2.15

0.48 0.50

0.56 0.55

0.66 0.70

0.83 0.60

1.15 b 2.20

"Center wavelength of Landsat TM bands, _tm.

t'l.00- to 1.30-/Lm band on NS-001, not on Landsat TM.

TM '1 30 _X TM" 30 _2,

0.48 0.50 2.22 2.15

0.66 0.70 1.65 2.20

1.65 1.70 I, 15 b 0.50

I. 15 b 2.30 0.83 2.05

0.56 2.20 0.56 0.90

0.83 2.05 0.66 1.55

2.22 0,55 0.48 1.65
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Table 2-6. Summaryof LandsatTM andNS-001 bandselectionsfor rock-typemapping
atthe porphyrycopper sites

Priority Order Average
Band_ (Silver Bell, Total

Helvetia, Safford) Ranking

0.48 3, 1, 7 11 3
0.56 4, 5, 5 14 5,6
0.66 5, 2, 6 13 4
0.83 6, 6, 4 16 7
1.15h 7, 4, 3 14 5, 6
1.65 I, 3, 2 6 I
2.22 2, 7, 1 10 2

"Center wavelength, _tm.
1.00- to 1.30-/tm band on NS-00 I, not on Landsat TM.

useful for regional mapping. It is safe to assume that, in all

but the most poorly mapped areas of the Earth, useful

mapping for exploration purposes needs to be carried out

at a scale of 1:48,000 or better. By simple extrapolation

from the Landsat MSS experience, this translates to a

requirement for a pixel size of 15 m or smaller. Coinciden-

tally, this is the average pixel size in the aircraft scanner
data used in this study.

All of the aircraft scanner data used in this Project were

analyzed and processed at their original resolution
between 12 and [8 m. However, because the data are in

digital form, the spatial resolution was degraded in order

to examine the effect of more limited spatial resolution on

detectability of geologic features. An NS-001 color ratio

composite image for the Silver Bell test site was spatially

degraded, and a small area was selected for detailed analy-

sis. A cubic convolution resampling algorithm was used to

produce pixels of 30- and 80-m size. For comparison, the
same area was extracted from the Landsat MSS CIR com-

posite (bands 4, 5, and 7), and the Landsat MSS color ratio

composite (ratios 4/5, 5/6, and 6/7); all five images

(Figure 2-7) were at a scale of 1:48,000, a common scale

used by exploration geologists for analysis and mapping.

Several different-sized features were examined. An area

of altered syenodiorite could be located on all of the

NS-001 images because of its tonal contrast with the sur-
roundings. The syenodiorite was also discernible on the

Landsat MSS ratio picture as a red area (iron oxides). The

dimensions of this area are about 300 by 300 m: on the 12-m

data, they arc 25 by 25 pixels; on the 30-m data, they are

10 by l0 pixels; on the 80-m data, they are 4 by 4 pixels.

Small outcrops of altered monzonite appeared yellow on

the NS-001 data. At 80 m they were only single pixels, but

could still be recognized. These outcrops were not discern-

ible on the Landsat MSS images due to their lack of spec-

tral contrast with surrounding units. An extension of the

Barite Fault was expressed as a drainage alignment. It was

easily mapped at 12- and 30-m resolution, but was not

detectable in 80-m resolution images. The same behavior

was displayed by several dikes. These were easily seen on

the 12-m data, were more difficult to pick out on the 30-m

data, and disappeared altogether on the 80-m data.

The spatial resolution afforded by the NS-001 scanner

provides data, at a scale of 1:48,000, that can be used for

structural analysis, lithologic mapping, and geobotanical

surveys. While this resolution may be sufficient for many

applications, the studies at Lisbon Valley, and Copper

Mountain in particular, showed that stereoscopic aerial

photography acquired at a high spatial resolution (1 m) is

needed to solve local structural problems and map varic-

gated surface units. In many cases, detailed problems can
only be handled with the use of aircraft data. In some

cases, low-resolution multispectral data can be substituted

for high-resolution aerial photographs as seen in the

Lisbon Valley and Patrick Draw test sites.

C. Summary

The results of the study can best be summarized by

addressing the four questions stated earlier in this section.

(1) Is the Landsat MSS adequate for mineral and petro-

leum exploration purposes?

The results of the Test Case Project dearly show that

the MSS provides regional information of relevance

to mineral and petroleum exploration, but in order

to more fully approach the problems, higher spatial
resolution, not available from the MSS, and

increased spectral coverage are required. At all of
the test sites, the addition of wavelength bands
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Figure 2-7. Comparison of spatial resolution. Portion of NS-001 ratio composite of Silver Bell, Arizona (Figure 2-3), at resolutions of: (a) 12 m;

(b) 30 m; and (c) 80 m. Landsat data of 80-m resolution: (d) false-color infrared composite, MSS bands 4, 5, 7; (e) ratio composite, 4/5, 5/6, 6/7.
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beyond 1.0 _m was considered critical in separating

units on the basis of mineralogy and vegetation

cover. Since exploration often requires mapping at a

scale of at least 1:48,000, a scanner pixel size of 15 m

or less is necessary.

(2) What spatial resolution is required to solve geologic

problems?

The spatial resolution required is directly propor-

tional to the mapping scale. In the Test Case Project,

pixel sizes ranged from 80 m for the Landsat MSS to

1 m for aerial photography. NS-001 data from Silver

Bell were degraded from a 15-m pixel to 30- and

80-m pixels. Several dikes that were easily seen in

the original NS-001 data were difficult to discern in

the 30-m Landsat TM equivalent data and were not

visible in the 80-m Landsat MSS equivalent image.

In six of the eight test site studies, the spatial resolu-
tion provided by the NS-001 data was adequate. At

the Lisbon Valley and Copper Mountain sites, sev-

eral problems could only be resolved by use of 1-m

resolution aerial photography. Therefore, a definite

spatial resolution, applicable to all exploration prob-

lems, could not be established. However, space-

acquired data with a 15-m IFOV would appear to be

sufficient for many problems.

(3) Which spectral region is most important for remote

sensing, and how many bands are required?

The Test Case Project concentrated mostly on the

0.4- to 2.5-_tm wavelength region. Field and labora-

tory spectral reflectance data, combined with theo-

retical considerations, show that the spectrum must

be sampled with broad bands in the 0.4- to 1.0-/_m

region and beyond 1,0 ktm, at least at 1.6 _tm and in
the region of 2.2 _tm. These are intentionally the

regions covered by the NS-001 and Landsat TM

scanners. At the Safford District, it was possible to

use spectral bands with a bandwidth of 0.05 _tm to

(4)

separate different iron oxides according to the posi-

tion of the Fe +3 electronic transition and the slope

of the spectral curve between 0.4 and 0.7 _m. Identi-

fication of individual minerals, in particular those

containing OH, requires much higher resolution, on
the order of 0.01-/tm sampling. Therefore, the scan-

ners operating presently are adequate in spectral
coverage and spectral resolution to detect major lith-

ologic boundaries and structural features. To

achieve significantly better results (i.e., mineral iden-

tification), much higher resolution spectral imaging

systems will have to be built.

Will the Landsat TM, as envisioned, provide suffi-

cient spatial resolution and adequate spatial cover-

age? Is the lack of stereo coverage critical?

The Landsat TM is now in orbit aboard Landsat 4

and 5, The spectral coverage is adequate but not
ideal. For instance, the TM bands short of I /tin are

not optimally placed to map differences in iron-

oxide mineral composition. Based on the experience

at the Lost River, West Virginia, test site, at longer

wavelengths the lack of a band centered at 1.15/.tm
limits the value of the TM in vegetation mapping.

The bands centered at 1.6 and 2.2 gm are valuable

in lithologic mapping, particularly in alteration
zones, as demonstrated particularly well in the por-

phyry copper test sites.

The lack of stereo coverage greatly inhibits the inter-

pretation of stratigraphic and structural relation-

ships, Presently, necessary topographic information

must be obtained from stereo aerial photography,

digital terrain data, or topographic maps.

In summary, the TM will provide a major new con-

tribution to remote sensing geology. Many of the
results of the Test Case Project can be achieved in

comparable regions using space-acquired TM
images.
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Section 3

Porphyry Copper Commodity Report

I. Porphyry Copper Overview

A. Geologic Settings

Porphyry copper deposits in the Earth's crust generally

occur in continental-margin or island-arc regions associ-

ated with ancient or recent plate subduction and talc-

alkaline magmatism. Current theories favor an origin by

ascension and progressive differentiation of a copper-rich

magma derived from partial melting in the upper mantle

region.

On a global basis, the great majority of porphyry copper

deposits occur in the circum-Pacitic area, corresponding to

a region of Mesozoic to Recent seafloor spreading and plate

subduction (Figure 3-1). A number of separate provinces

are recognized throughout the circum-Pacific region, cor-

responding to distinct clusters of deposits. The major por-

phyry provinces include the Andean orogen of western
South America, the southwestern U.S. Province, the Cana-

dian Cordilleran region, and the Southwest Pacific Islands.

Porphy U copper deposits are also found in the so-called

Alpide Belt, a Mesozoic- Cenozoic orogen stretching from

Yugoslavia and Rumania southeastward to lran and Paki-

stan (Sillitoe, 1972). Porphyry-type occurrences of copper
and molybdenum are reported in various other parts of the

world, including the Appalachian orogen of eastern North

America; Precambrian and Paleozoic-age systems also occur

in New England, Quebec, and New Brunswick (Schmidt,
1978).

The host rocks l'or porphyry deposits are largely a func-

lion of their regional geologic setting. Continental-margin
and island-arc deposits tend to be hosted by co-magmatic/'
andesite volcanic and volcaniclastic rocks formed in conti-

POTENTIAL

PROVEN

Figure 3-1. Worldwidedistributionof porphyrycopper deposits

nental slope or back-arc environments. Continental depos-

its are typically found in shell'-type sedimentary rocks,
Precambrian basement rocks, or subaerial w31canic rocks.

B. Characteristics

Porphyry copper deposits have a number of characteris-

tics that distinguish them as a unique class of deposits. These

common features are, to a large extent, qualitative and

intuitive in nature, and no one deposit is likely to contain
all of the essential elements.
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1. Classicmodel(SouthwestUnitedStates).A general-

ized description of a "typical" porphyry copper deposit has

been developed by Lowell and Guilbert (1970). The Low-

ell-Guilbert model is based on a comparison of 27 major

North and South American porphyries. The model is defi-
nitely biased toward the characteristics of the southwestern

U.S. porphyries, and it is the model implicitly adopted to
describe the Geosat test sites.

According to Lowell and Guilbert, the typical porphyry
copper deposit is associated with an irregular elongate stock,

1230 by 1850 m in size, and progressively differentiated

from quartz diorite to quartz monzonite. The stock is typi-

cally emplaced into Late Cretaceous sedimentary and vol-

canic rocks, although Precambrian, Paleozoic, and Mesozoic

rocks are also common preore hosts.

The typical ore body is steep walled and cylindrical, with

gradational boundaries and dimensions of 1075 by 185 m.

The average ore body contains 140 million tons of mate-

rial, of which 70 percent occurs in the igneous host rocks

and 30 percent in preore wall rocks. The typical deposit

contains 0.45 percent hypogene copper, 0.35 percent

supergene copper, and 0.015 percent molybdenum.

Alteration occurs as a series of concentric shells coaxial

with the ore body (Figure 3-2). The innermost and earliest

zone is the potassic core (K-feldspar biotite-quartz), sur-

rounded progressively outward by the phyllic zone (quartz-
sericite pyrite), argillic zone (quartz-kaolinite-montmo-

rillonite) and propylitic zone (epidote-calcite-chlorite)

(Figure 3-3). Over the same interval, metallization varies

from chalcopyrite-molybdenite-pyrite to pyrite-chalco-

pyrite to an outer galena-sphalerite assemblage with minor

gold and silver. Occurrence of mineralization gradually

changes from disseminations in the core to stockworks of

fracture fillings and microveinlets and finally to discrete

veins and replacements on the periphery.

The original vertical column of hydrothermal alteration

is believed to have spanned approximately 3100 m, with

the upper reaches formed in a subvolcanic environment

only a few kilometers below the surface. Porphyritic igneous

textures, breccia pipes, radial and concentric diking, and

vertically telescoped zoning all indicate a relatively shal-

low depth of formation.

2. Regional variants. Modifications to the Lowell-Guii-

bert model are necessary to adequately describe the char-

acteristics of the Southwest Pacific island-arc deposits and

the plutonic and volcanic-type deposits found in British

Columbia. The Southwest Pacific deposits are generally

hosted by quartz diorite or granodiorite intrusives, which

are often emplaced into their co-magmatic mafic volcanic

pile. Mineralization is often accompanied by intense struc-

tural deformation and subsequent telescoping of alteration

and "dumping" of mineralization (Lowell and Guilbert,

1970, p. 107). Gold, rather than molybdenum, is often found
with copper in the main ore zone.

Hydrothermal alteration systems in the Southwest Pacific

deposits are often "dry" compared to the classic model,

and extensive zones of bleaching and phyllic alteration are

usually lacking. Alteration in many deposits consists of early

pervasive propylitization cut by younger, vein- and frac-

ture-controlled K-feldspar, biotite, and quartz-sericite

alteration (Titley, 1975). Magnetite, calcite, and albite are

also common alteration products in some deposits.

The porphyry deposits of British Columbia were classi-

fied on a morphological basis by Sutherland-Brown (1976),

who recognized three distinctive types of deposits: phallic,

volcanic, and plutonic. The phallic type basically corre-

sponds to the classic model of Lowell and Guilbert, while

the volcanic type shares many similarities with the island-

arc deposits of the Southwest Pacific. Characteristics of the

British Columbia volcanic-type deposits include shallow

depth of formation, volcanic host rocks of marine origin,

presence of linear, fault-controlled breccias, and a patchy,

asymmetric pattern to alteration and mineralization.

The plutonic type of deposit is typified by the Highland

Valley District of southern British Columbia. These por-

phyries develop within zoned, batholith-sized plutons

emplaced into consanguineous volcanic rocks. In section,

the host plutons typically are broad, flat, mushroom-shaped

bodies concentrically zoned from a mafic border to a felsic
interior. Individual ore bodies tend to occur in a central

position around the perimeter of the interior felsic phase.

Mineralization in the plutonic-type deposits often occurs

in regular-spaced veins developed in several stages. Altera-

tion generally occurs as vein envelopes superimposed on
broad, pervasive alteration patterns. Mineral zoning often

consists of a bornite-rich core surrounded by a chalcopy-

rite zone, which grades outward to a pyritic perimeter.

Molybdenum is a common ore constituent, but it does not

generally exhibit a clear systematic zoning pattern.

C. Porphyry Deposit Ore Genesis Models

The major goal of existing genetic models is to describe

the source of the metals and ore-bearing fluids, the origin

of observed alteration patterns, and the cause ofstockwork

fractures and veins. Current models designed to explain

these features generally fall into two broad categories,
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Figure 3-2. Idealized cross-sectional views of alteration zoning and mineralization zoning lor the southwestern U.S. porphyry copper

deposits {Lowell and Guilberl, 1970)

depending on the role of magmatism in the ore-forming

process: the orthomagmatic group and the groundwater
convective group (Henley and McNabb, 1978).

The orthomagmatic model stems from pioneering stud-
ies of alteration at Butte, Montana (Meyer and Hemley,

1967; Sales and Meyer, 1948), The model was further

developed and described by other workers, including Low-

ell and Guilbert (1970) and Rose (1970). The orthomag-

matic model is essentially a closed system in which a separate

aqueous phase evolves from a cooling pluton. Emplace-

ment of the pluton into a relatively shallow crustal level

results in a sudden pressure drop, with consequent retro-
grade boiling and intense hydrofracturing by the exsolved

fluid phase. Alteration zoning results from a decrease in

the K'/H' ratio upward and outward in the convecting

hydrothermal system. The result of this physiochemical

environment is the deposition of anhydrous K-bearing

minerals, such as biotite and K-feldspar, in the interior of
the deposit, and hydrous minerals, such as sericite, in the

outer envelope of the system.

The convective models of porphyry copper formation have

been developed rather recently from mathematical model-
ing of the fluid dynamics associated with a cooling pluton
(Gerlach et al., 1975; Norton, 1978). In contrast with the

orthomagmatic models, the intrusive body assumes a more

passive role as a heat engine and a source of the metals.

The hydrothermal fluids are considered on the basis of iso-

topic evidence to be groundwater entrained by the advanc-

ing magma column to form a large cylindrical convective

system in the cupola of the pluton. The convecting mete-
oric water dissolves metals from the pluton and re-precipi-
tates them at cooler and shallower levels.

A variant of the convection theory proposed by Henley
and McNabb (1978) combines features of both types to

explain hydrothermal zoning patterns. Their model takes

advantage of the isotopic and fluid inclusion evidence for

two independently evolved fluids in porphyry deposits-a
low-temperature, meteoric fluid responsible for the outer

phyllic, argiilic, and propylitic zones, and a denser, high-

salinity fluid developing the potassic core. A buoyant mag-
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matic vapor plume carrying the ore metals penetrates and

interacts with a separate groundwater system in the cupola
region of the pluton. Metal deposition occurs in the zone

of mixing and dispersion between these two fluid types, in

a region of temperature, salinity,f.,, and pH variations.

A plate tectonic model proposed by Sillitoe (1972) relates

the formation of porphyry deposits to concepts of the new

global tectonics. According to Sillitoe's model, porphyry

deposits are formed when the oceanic crust partially melts

along subduction zones at the elongate compressive junc-
tures between lithospheric plates. The ore metals are derived

from the mantle at mid-oceanic spreading centers and

transported laterally to the subduction zones as basaltic lava

and pelagic sediments. The oceanic plate is thrust down-

ward into the mantle along a dipping Benioff Zone. Partial

melting of the oceanic slab creates talc-alkaline magmas,

which rise diapirically into the overlying continental crust.

Crystallization of these magmas generates a metal-rich fluid

phase that is concentrated to form a cylindrical ore body

along the lines of the orthomagmatic and convective models.

Sillitoe's plate tectonic model illustrates certain aspects

of porphyry copper deposits, such as their episodic distri-

bution and concentration along parallel, linear belts. The

theory is especially applicable to the Southwest Pacific

island-arc deposits and the South American Cordilleran

deposits. However, the model does not provide a com-

pletely satisfactory explanation for all porphyry deposits,

particularly those in the western United States, where a
direct link with plate tectonic activity is more obscure. The

presence of flat-dipping and imbricate subduction zones in
the western United States. as postulated by Lipman et al.

(1972), may provide a partial explanation for the more dif-

fuse and apparently random temporal distribution of por-

phyries in the western United States.

D. Remote Sensing Characteristics

An examination of porphyry copper genesis models, with

consideration of the remote sensing techniques available,

allows identification of possible remote sensing character-
istics applicable to this study. The Lowell-Guilbert corn-

3.4



posite model of a typical porphyry copper deposit is

presented in Table 3-1. Also listed for each entry are rat-

ings of which characteristics might be detectable by remote

sensing.

A few characteristics are definitely detectable (2). Faults

controlling emplacement and geometry of the ore body can

be recognized using remote sensing image data. Different
scales and resolution characteristics of the data allow rec-

Table 3-1. Porphyry copper deposit model and remote sensing characteristics:

Remote Sensing
Rock Type Characteristics Pos_sibilityb

1. Precambrian-Late Cretaceous sediments
and metasediments I

2. Quartz monzonite stock 1

3. 65 m.y.a. 0

4. Northeast and northwest faults controlling
structures 2

5. Elongate, irregular shape 1

6. 1230by 1850m I

7. Passive emplacement 1

8. Stocks more prevalent than dikes I

9. Intrusion sequence: diorite-quartz,
monzortite-quartz porphyry 1

10. All rocks mineralized I

1 I. Oval, pipelike shape l

12. Boundaties- original and postore 1

13. 70 percent in igneous host 0

14. 1075 by 1850 m 1

15. Grade: 0.80 percent copper, 0.015 percent
molybdenum 0

16. 770 m extent beyond ore l

17. Peripheral zone: chlorite, epidote, skarn I

18. Outer zone: chlorite, epidote, calcite I

19. Intermediate zone: quartz, kaolinite, sericite 2

20. Inner zone: quartz, sericite, pyrite 2

21. Innermost zone: quartz, K-t_ldspar, biotite,
sericite 2

22. Zoning sequence, from center: potassic,
phyllic, argillic, propylitic I

23. Peripheral zone: galena, sphalerite, silver,
gold 0

24. Outer zone: pyrite, galena, sphalerite 0

25. Intermediate zone: pyrite, chalcopyrite,
bornite 0

26. Inner zone: pyrite, chalcopyrite, molybdenite 0

27. Inncrmostzone: pyrite, chalcopyritc,
molybdenite 0

28. Zoning sequence from center: (chalcopyrite,
molybdenite), pyrite (galena, sphalerite,
silver, gold) 1

29. Peripheral zone: veins 0
30. Outer zx)ne: veins and veinlcts 0

31. Intermediate zone: veinlets 0

32. Inner zone: veinlets, disseminated 0

33. Innermost zone: disseminated 0

34. Present and mineralized 1

35. Pre_nt 1

36. Chalcocite more prevalent than covellite 0

Preore host rock

Igneous host rock

Ore body

Hypogene alteration

Hypogene mineralization

Occurrence of sulfides

Breccia pipes
Crackle zone

Supergene sulfides

_Model from Lowell and Guilbert (1970).

t'0 -- Unlikely to be detectable

I - Possibly detectable

2 - Definitely detectable
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ognition of structural features of different size and extent.

These range from regional systems visible in Landsat
and Seasat data, to district faults and fractures visible on

moderate-resolution _iircraft scanner data and aerial photo-

graphs, to small faults, fractures, and dikes visible on high-

resolution images. Integration of these data allows synthe-

sis of a structural model showing regional stress patterns

and local control of ore geometry. Hypogene alteration

patterns should be detectable, based on spectral character-
istics of associated mineral assemblages. Hydrous minerals

(sericite, kaolinite, montmorillonite, and alunite) have dis-

tinct spectral absorption bands in the 2.0- to 2.4-/_m wave-

length region (Figure 3-4). Silicified materials show fairly

distinctive thermal behavior. They have high densities,

conductivities, and thermal inertia. It should be possible to

I i 1
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Figure 3-4. Laboratory spectra of selected hydrous minerals illus-

trating distinct absorption bands in the 2.0- to 2.4-/_m wavelength

region

discriminate the presence of these phases and, with suffi-

cient spectral resolution, to identify several of them.

A large number of characteristics fall into the category

of possibly detectable (1). In some cases, some aspect of

the characteristic may be detectable, or at least inferences

may be made from remote sensing data as to its presence.

In Table 3-1, characteristics 1, 2, 9, and 10 concern general

lithologic mapping abilities. Rock-type discrimination and

separation depend on many factors: spectral reflectance

characteristics, geomorphological appearances, thermal

behavior, radar backscatter characteristics, vegetative cover,
etc. Insofar as there are local differences between units

reflecting any of these parameters, rock types may be sepa-

rable. Characteristics 5, 6, 7, 8, I 1, 12, 14, 34, and 35 depend

on many factors; the most important are rock-type con-

trast and adequate spatial resolution. Recognition of stocks,

dikes, breccia pipes, and crackle zones is primarily reso-

lution dependent. Given enough spatial resolution detail, a

skilled photointerpreter, using conventional techniques, can

probably recognize these features. The dimension of the

host rock and ore body obviously are controlled by expo-

sure and erosion level. In the best cases, the two probably

could not be separated, although the combined presence

may be recognizable based on spectral differences and other

photogeological criteria. Zoning sequences of hypogene
alteration and mineralization might be inferred by recog-

nition of individual zones. Pyrite zonation may be detect-

able by analyzing the spectral characteristics of its oxidized

by-products (limonite, jarosite, hematite, and goethite), and

by estimating the amount of oxides exposed at the surface.

Again, level of erosion obviously is a major controlling
factor.

Characteristics that are not detectable (0) include age of

the deposit, percent of ore in the host rock, grade of ore,

and mineralogical composition and habit of ore minerals

and sulfides. These minerals are too sparse in the rocks to

produce distinctive spectral features; the difference between
veins-veinlets and disseminated sulfides requires handlens

or microscopic examination to determine.

II. Background and Site Selection

A. Background

Nonrenewable resource exploration is a complex and

costly undertaking, requiring the use of as wide a range of

tools as is feasible. Remote sensing represents one such tool,

which can be used at several stages in the exploration pro-

cess. In the past, Landsat Multispectral Scanner (MSS)

images and aerial photography have been the most fre-
quent types of data used, mainly in the early reconnais-
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sance phases of an exploration project. These data are not

the best available because they are not specifically designed

for geologic purposes. Several experimental sensors were

available through NASA to apply to problems and deter-

mine whether improvements could be made.

Areas of known copper mineralization offered several

attractive features as prospective test sites for evaluating

the geologic utility of more advanced types of remote sens-
ing techniques. A model for the genesis of ore bodies was

fairly well developed and understood, allowing potential
remote sensing characteristics to be identified and used as

guides for processing and interpreting data. The south-

western United States is one of the great copper provinces

of the world; consequently, appropriate test sites were

numerous and representative of this type of deposit. Many

Geosat companies were actively involved in porphyry cop-

per exploration and mining, so that industry expertise and
involvement were assured.

B. Site Selection

1. General criteria. The Porphyry Copper Test Site Com-

mittee met in 1977 to select three test sites for the Project.

The overriding criteria for site selection were:

(1) The site must be typical of porphyry copper depos-

its. This implied the presence of a mineralized and

mineralizing intrusive body, alteration zones, and

known copper mineralization.

(2) The site must be well exposed. Vegetation cover

should be minimal, providing good outcrop expo-

sures. This was necessary to simplify interpretations
of image patterns and to provide the optimal and

ideal starting point for a remote sensing study. At a

future time, more vegetated sites might be exam-
ined after the fundamental characteristics of the

deposits were determined.

(3) Cultural disturbance must be minimal. This implies
the converse - that most of the characteristic fea-

tures were visible and not terribly disturbed. How-

ever, due to the size of a porphyry copper hydro-

thermal system, even the presence of open-pit

operations, mills, concentration tanks, etc., would

not necessarily eliminate a potential site from
consideration.

(4) Land ownership must not be a problem and, prefer-

ably, the site would be owned by a Geosat member

company. Ownership would provide easy ground

access and cooperation of the company geologists and

other experts. Land ownership was crucial to avoid

problems that might arise as a result of the remote

(5)

(6)

sensing work. Should new target areas be discovered

during the study, problems with public disclosure,

land plays, and other undesirable scenarios would
be avoided.

Adequate background information must be avail-

able. Such things as geological, alteration, structural,

geophysical, and soils maps should have already been

completed for the site. In addition, reports on the

geology, mineral occurrence, etc., should also be

available. Selecting an existing, developed mineral

deposit would greatly increase the probability of this

material existing; having the site owned by a Geosat

member company would enhance the possibility of

accessing company proprietary information.

The sites must provide a variety of occurrences of

copper deposits with different levels of erosional
exposure. It was hoped that sites could be found that

were moderately to deeply eroded, allowing study of

all the alteration zones and the intrusive. Deposits

that were only slightly eroded and more poorly
exposed were considered as well, since these depos-

its present a more realistic analog of those found in

current frontier exploration areas.

2. Specific criteria of selected sites. Eight to ten candi-
date sites were nominated for consideration. These were

narrowed down, and three final sites were selected: Silver

Bell, Helvetia, and Safford (Figure 3-5). All three sites are
located in southern or southeastern Arizona.

The Arizona copper province was chosen because deposits

there are typical of porphyry copper deposits. This region

is one of the major copper-producing regions of the world.

Sites in this area were readily accessible, and exposures were
excellent due to the semiarid climate. In addition, more

research on copper mineralization had been done in this
area than in any other.

The characteristics of the three sites selected met the

original criteria. Silver Bell is a large, producing porphyry
copper deposit located northwest of Tucson and is owned

by the American Smelting and Refining Company
(ASARCO), a Geosat member. This deposit is considered

a classic porphyry copper. There has been considerable study

of the deposit over the last 70 years, ranging from masters'

theses to ASARCO geological and alteration mapping. The

deposit has been eroded fairly deeply, exposing all the

alteration zones associated with porphyry copper deposits.

These range from intense potassic zones at the center to

pervasive, weak propylitic zones at greater distances. A wide

range of rock types outcrop in the area, occurring as both
altered and unaltered facies. Rock types are dominantly
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intrusive and extrusive igneous rocks, with sedimentary

limestone and sandstone also represented. Vegetation cover

is scant, except in drainages where it is quite heavy. Two

large open-pit mines currently operated by ASARCO attest

to the presence of economic quantities of ore.

The Helvetia deposit is located south of Tucson in an

old mining district. This site was selected for several rea-
sons: a different suite of rock types is present, dominated

by Paleozoic and Mesozoic sedimentary rocks and Creta-
ceous volcaniclastic assemblages. The ore body is also bur-

ied; surface indicators were the alteration (argillic and

pyritic) of the country rock and the presence of calc-sili-
cate skarns and marbles associated with alteration of lime-

stones. The area is structurally complex, has moderate to

severe topographic relief, and has moderate vegetation cover.
Mining activities are limited to several old shafts, and

exploratory drilling being conducted by the present own-
ers, AMAX, a Geosat member.

The Safford District is located east of Tucson, near the

New Mexico border. The area has four known porphyry

copper deposits, one of which has been mined by open-pit

methods. The other three have been explored and outlined

with drilling in preparation for mining. These three depos-

its are deeply buried, with only minor outcrops of the

mineralizing intrusive showing at the surface. Surface

alteration is mainly limited to the outer zones of a typical

porphyry copper deposit-propylitic alteration is perva-
sive, with minor shows of quartz-sericite alteration along

veins. Mainly volcanic rocks of both premineral and post-

mineral affinities are exposed in the district. The ore bod-

ies are hosted by the intrusives and postmineral volcanics.
Structural control of the ore bodies has long been consid-

ered a major exploration parameter, but extensive post-

mineral cover makes these deposits difficult exploration

targets. Minimal vegetation cover due to the semiarid cli-
mate and minimal cultural disturbance made the site

attractive for study. Access to one of the deposits was made

available by Phelps Dodge Corporation, a Geosat mem-

ber. Additional information about the other deposits was

made available through Kennecott Copper Corporation.

Overall, the selection of these three sites presented

excellent opportunities to test remote sensing for porphyry
copper exploration. A wide range of rock types was avail-

able for improving lithologic mapping capabilities. Var-

ious levels and degrees of alteration were exposed for
examination. Silver Bell, the best exposed, offered the

opportunity to study all the zones of the alteration system.

Safford, the poorest exposed, most closely represented the

type of area that is currently the focus of exploration inter-

est. The proximity of the sites to each other facilitated

logistical arrangements for fieldwork, allowing all three sites
to be visited in a single trip if desired.

Ill. Summary of Previous Work

Previous remote sensing applications for copper explo-
ration have covered a wide range of subjects. Readdy (1978)

conducted a comprehensive study of the application of

photogeologic analysis for porphyry copper and hydro-
thermal alteration in arid and semiarid environments. He

primarily examined aerial photography, but also used a
limited number of radar and single-band Landsat MSS

images for several porphyry copper deposits, including
Safford. Readdy concluded that several features character-

istic of porphyry copper deposits were well defined in his

photographs. These features included the zone of crackle
breccia related to mineralization, the limonite-stained

leached capping, and sometimes the surrounding altera-

tion zones. Less well defined were igneous intrusives and

structural settings. Rcaddy's conclusions from the study of

Safl'ord were (l) the best results for mapping regional fea-

tures were obtained from analysis of Landsat images; (2)

radar images and high-altitude aerial photographs were

similarly useful for reconnaissance studies of district scale

features; and (3) large-scale aerial photographs were use-

ful for detailed mapping of lithology, structure, alteration,
and anomalous zones. He recommended that exploration-

isis use the various scales of images available for photo-

geologic analyses.

One of the first applications of Landsat MSS data was to

make structural studies by interpreting lineaments from

images, then to attempt to relate these features to known

structures, and finally to determine unrecognized struc-

tures by inference. Three studies illustrate this application.
Ramos (1977) examined the mineral potentials of base-
ment cratonic areas in South America on the basis of

mechanical analyses of their tectonic framework. Faw)r-

able targets based on tensional release were selected through

the application of different dcformational models and the

identification of the stage and type of deformation. Corre-

lations with geophysical data strengthened the interpreta-

tions and led to several successful mining exploration

programs.

In a similar study, Kuosmanen (1977) examined Land-

sat MSS data in Finland in conjunction with geophysical

maps. He found that several regional lineaments appeared

to correlate with the distribution of ore deposits and min-
eral showings (specifically nickel, iron, and copper-lead
zinc mineralization). Extraction of the maximum amount

of information required the combined study of seasonal
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Landsat data with interpretation of geological, geophysi-

cal, and geomorphoiogical maps.

Wilson (1975) studied the geologic framework of por-

phyry copper deposits on Landsat MSS images. He used

non-computer-enhanced bulk data at scales from 1:1,000,000

to 1:250,000 to perform lineament and circular feature

extraction. The areas examined included the regions of Ray,

Arizona; Ely, Nevada; Ok Tedi, New Guinea; Silverton,
Colorado; and Tanacross, Alaska. Wilson was able to

recognize many new linear and circular features not previ-

ously shown on published maps. Circular features seemed

to be related to intrusive or volcanic phenomena, such as
caldera structures. Linear features not correlated with

existing mapped faults were not field checked, so they could
not be validated. A general conclusion Wilson reached is

that the images b), themselves are not useful for mineral
exploration. Rather, other data must be combined with the

images to remove ambiguity. The main advantages of the

Landsat data were (1) synoptic viewpoint, (2) extrapola-

tion of favorable known mineral provinces or structures,

(3) detection of intrusions in structurally simple environ-

ments, and (4) drainage maps in remote, poorly mapped
regions.

Landsat MSS data have also been used to characterize

the anomalous iron-oxide coloration often associated with

porphyry copper deposits. Schmidt (1976) used computer-
processed data to identify features that were indicators of

sulfide-bearing rocks for an area in Pakistan. Two

approaches were used: in the first approach, false-color

composites were examined visually to locate areas similar

in appearance to a control area of known mineralization;

in the second approach, computer classification algorithms

were used to identify unknown areas with similar spectral
features to the control area. In the first experiment, seven

areas were selected for further work. Field checking three
of these failed to confirm mineralization; the others were

not checked. The computer-classified image outlined 23

target areas; field checking nine of these revealed that five

contained hydrothermal alteration, with pyrite and limon-

ite present at the surface. The 14 false alarms were not

described, so there is no way to determine the cause of the

misclassification. The supervised classification technique
seems to have been using the spectral characteristics of iron-

oxide materials (Figure 3-6) and bleaching associated with

the known ore body to locate similar areas elsewhere.

Krohn et al. (1979) evaluated computer-processed Landsat

MSS ratio images to distinguish hydrothermally altered rocks

associated with porphyry copper and disseminated gold

deposits along the Battle Mountain-Eureka mineral belt
in Nevada. Detection of altered rocks was based on the

distinctive spectral reflectance of limonite. The pattern of

limonitic rocks depicted on the images closely agreed with

mapped alteration at the Copper Canyon and Copper Basin

deposits. The disseminated gold deposits were poorly rep-
resented due to the absence of limonite. Other limonitic

but unaltered sedimentary and volcanic rocks presented the

largest obstacle to discriminating altered rocks in this area.

In situ reflectance spectra indicated differences between

altered and unaltered rocks in the 1.0- to 2.5-_tm spectral

region, which would remove this ambiguity.

The combined use of Landsat MSS data for structural

information and for alteration mapping was reported by

Raines (1978). He analyzed data for the porphyry copper

province in northern Sonora, Mexico. The regional tec-
tonic pattern was interpreted to consist of NNE-trending

features related to Precambrian structures, NNW-trending

lineaments related to Basin and Range faults, and lesser
features with N-S and WNW trends. Areas of limonitic

rocks were outlined on the images using computer-enhanced

ratio composites as the principal base. Seven areas were

selected on the basis of favorable structural setting and

presence of iimonitic materials. Geophysical and geo-

chemical surveys further clarified the nature of the targets.

One was selected for exploratory drilling. Preliminary results

suggest the discovery of a major hydrothermal system with

potential economic copper, lead, silver, and barite reserves.

A final illustration of the use of Landsat MSS data for

copper exploration was reported by Bolviken et al. (1977).

They examined the effect of naturally heavy-metal poi-

soned vegetation on Landsat images for an area in Nor-

way. A training area was selected where copper poisoning

was known to occur, resulting in barren areas in the birch-
pine forest or in a change in the ground-cover vegetation

community. Supervised classification algorithms were used

to identify other possible copper-poisoned areas. Fieldwork

was planned to check these areas to assess the success of

this technique.

Several studies have presented results of analysis of

multispectral aircraft scanner data for alteration detec-

tion and mapping. In an early report, Abrams and Siegal
(1976) examined 24-channel aircraft data over Red Moun-

tain, Arizona, a porphyry copper deposit. These data were
supplemented with field reflectance measurements. Con-

tour maps produced from spectrometer data using the

1.6/2.2-_tm band ratio clearly delineated the alteration

associated with the deposit. This was attributed to the

presence of clay minerals associated with the altered rocks

(Figure 3-6). Band-ratio images produced from the aircraft
data allowed discrimination of the limonitic altered rocks

from unaltered rocks.
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Figure 3-6. Diagrammaticfield spectrumillustratingpositionsof diagnostic iron and clay absorptionbands. Also shownare bandpasses
of the Landsat MSS andTM sensors.

Two similar studies reported the use of Thematic Map-

per Simulator data for alteration mapping, This aircraft
scanner has the same bands that are available on Landsat

4, launched in July 1982. In the Cupritc, Nevada District,

Abrams et al. (1977) used color ratio composite images to

map alteration zones in an area of bleached, solfatarically

altered rocks. Abrams et al. were able to separate opalized

rocks, silicified rocks, opalized rocks with limonite, and
hematitic deuterically altered rocks. Band ratios were

selected to enhance mineralogical spectral characteris-
tics related to alteration assemblages. The band-ratio

!.6/2.2 Fm enhanced the presence of hydrous/clay minerals;

another ratio, 1.6/0.48 Fro, brought out the presence of

iron-oxide minerals (Figure 3-6). A third ratio, 0.6/0.83 _tm,

was chosen to separate bleached rocks. This same ratio

scheme was used by Prost (1980) for an area near Battle
Mountain, Nevada. Clay-rich, nonlimonitic altered rocks

were discriminable on the aircraft images, but they were

not separable using Landsat MSS data.

Finally, a statistical study of porphyry copper character-

istics was reported by DeGeoffroy and Wignall (1972). They

tabulated 170 geological characteristics for 58 commercial

deposits from the Cordilleran Belt. These data were pro-

cessed using characteristic analysis to extract the 44 most

typical characteristics of the deposits. Regression and clas-
sification formulas were then used to correlate these char-

acteristics to the gross dollar value of the deposits. These
results were used to rate objectively several porphyry pros-

pects. The 10 most important characteristics were phyllic

alteration, passive intrusive implacement, regional fault

control, K-biotite alteration, propylitic phase mineraliza-

tion, presence of hornfels aureole, disseminated sulfides and

veinlet sulfides, argillic alteration, and granitoid phase
mineralization.

IV. Comparative Analysis of Test Site Results

The three test sites were selected according to both their
similarities and differences. Silver Bell and Safford repre-

sent classic porphyry copper deposits, differing mainly

in their level of erosional exposure. Therefore, the fea-

tures exposed at the surface-alteration assemblages and

structural control- were alike. Helvetia represented a
somewhat different environment since it consisted of a

mineralized section of carbonate rocks with only limited

exposures of phyllic, propylitic, and argillic alteration.
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Instead, skarn alteration and hematite development from

pyrite were the dominant features. Techniques that were
successful at Silver Bell were also successful at Safford. The

same applications were less successful at Helvetia due to
the rock and alteration differences.

Landsat Multispectral Scanner (MSS) data provided some

information on alteration at all three sites. Using a color

ratio composite of band-ratios 4/5, 5/'6, and 6/7, areas with

iron oxides present at the surface are identifiable. These
areas include both altered rocks and iron-rich unaltered

rocks (such as red beds). This technique was originally

developed by Rowan et al. (1974) and has proven repeata-

ble in any arid or semiarid environment. The limited spa-

tial and spectral resolution of the Landsat MSS data made

separation of rock types difficult. The Landsat wavelength

bands are both too broad and at nonideal positions for

separating many geologic materials. In addition, the 80-m

resolution is too coarse for resolving small targets, such as

dikes and small outcrops.

The aircraft Modular Multispectral Scanner (M2S) l l-
channel data, with better spectral and spatial rcsolution than

Landsat, provided a worthwhile comparison of what

improvements in both of these characteristics could be

provided. At all sites, smaller outcrops and features could

be discriminated due to the 18-m resolution. The presence

of several wavelength bands in the 0.7- to 1.0-/tm region

allowed apparent separation of hematitic versus goethitic/
limonitic materials at both Helvetia and Safford. This abil-

ity is important for explorationists since the two forms of

iron oxides often come from different sources and can pro-

vide mineralogical information about alteration assem-

blages. For instance, at Helvetia the large hematitic area is

a result of the weathering of pyrite to hematite. Thc pyrite
is an alteration product, probably associated with the dep-

osition of the ore body.

The high-resolution aerial photographs were useful at
Safford and Helvetia for mapping fine drainage patterns

and delineating anomalous patterns of geologic interest.

At Safford, a drainage anomaly lies over the Dos Pobres

intrusive and ore body and is probably due to the fractur-

ing of the buried intrusive being expressed at the surface.
At Helvetia, the altered arkoses show a finer drainage pat-

tern than surrounding rocks and can be separated accord-

ing to their texture and color differences. The inappropriate

spectral sensitivity of color photography provides little color
contrast between rock types. Only a few different units can

be separated, based only on tonal differences. The addition

of textural information permits separation of a few more

units; however, this type of data only has the advantage of

high spatial resolution compared to thc multispectral scan-

ner data analyzed. As such, small features like dikes are
discriminable.

The radar data examined were moderately useful at some

of the sites. The major limiting factor (at Silver Bell and

Safford) of the X-band data was the poor quality of the

data. This precluded a lair assessment of the utility of this

kind of data for geologic applications at the copper sites.

Seasat data were processed and examined at Silver Bell

and Safford. At both sites, lithologic discrimination was

minimal and limited to separation of bedrock from allu-

vium. Regional structural features, however, were well

expressed on the Seasat images and provided a worthwhile

complement to the Landsat MSS structural information.

The thermal data were of equal use at all three sites. In

general, some separation of rock types was possible, although
never as much as could be obtained using the other multi-

spcctral data types.

The single most useful data set over all the test sites was

the NS-001 Thematic Mapper Simulator data. Discrimi-
nant function analyses performed on the field reflectance

data simulating the Landsat 4 Thematic Mapper (TM) bands

and a conceptual 30-channel instrument (30 equally spaced

bands 0.05 ,am wide) indicated that the TM bands were

well chosen for separating the rock types at the copper sites.

A summary of these analyses is presented in Table 3-2.

Table 3-2. Results of dlscrlminant function analyses: Landsat 4 TM

versus 30,1_,

('enter Band Wavelength, #m
Test Site

Landsat 4 30 AX

Silver Bell 1.65 1.60

2.22 2,15

0.48 0,50

0,56 0.55

0.66 0.70

0,83 0.60

ttelvctia 0.48 0.50

0.66 0.70

1.65 1.70

0.56 2.3O

0.83 2.20

2.22 205

Safford 2.22 2,15

1.65 2.20

0.83 0.5(I

0.56 2.05

0.66 0.90

0.48 1.55
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The table lists the order of selection of the six Landsat 4

bands and the first six bands of the 30 equally spaced bands.

The Silver Bell analysis exhibits a nearly one-to-one corre-

lation in both the order of band selection and the particu-

lar bands selected. From a statistical standpoint, the TM

bands are ideally chosen for discriminating the suite of
altered and unaltered rocks sampled at Silver Bell. The

Helvetia analysis shows similar behavior for the first three

bands (the most important selected by the discriminant

function program). A somewhat poorer correlation exists

for the Safford analysis; however, the 2.2-, 0.5-, 0.9-, and

1.55-_m regions were selected in the 30-A_ analysis as the

most important. These channels fairly closely match some
of the channels of the TM.

The results of analysis and interpretation of the image

products substantiate the statistical analysis. Again, the

NS-001 Thematic Mapper Simulator data were the most

useful for separating and discriminating the geologic units

found at the three test sites. A consistent ability of these
data was in delineation of areas of alteration. At Silver Bell,

potassic, phyllic, and propylitic alteration zones were sepa-

rable; at Helvetia, argillic and skarn zones were separable;
at Safford, propylitic and phyllic zones were separable. The

presence of wavelength bands in the region of iron-oxide

and clay-mineral absorption features was critical for this
Success.

General rock-type separation was also successful using

the NS-001 Thematic Mapper Simulator data. Although

the statistical analyses using the discriminant function

algorithm seemed to indicate that more bands would pro-

vide improved separation, image analysis showed that the

wavelength regions of the bands were more important. At

Silver Bell, all the mapped geologic units were separable

using a number of processing algorithms (including ratio

products or canonical transform images). At Helvetia and

Safford, the canonical transform images provided the best
visual separation of the units, although the ratio images

proved useful. This indicates that the separability of the

units is an inherent feature of the spectral information pro-

vided by the data and is less dependent on the processing

algorithm. A detailed comparison at Silver Bell of images

produced from several algorithms supports this conclusion.

V. Extrapolation to Similar and Different
Environments

Remote sensing deals primarily with discrimination rather

than identification. There are only a few minerals or min-

eral groups that can be identified from existing remote

sensing imaging systems. These include iron oxides, which

have characteristic absorption bands between 0.4 and

1.0/Lm; certain hydrous minerals, such as clays, alunite,

and pyrophyllite, that have absorption bands between 2,0

and 2.5 _m; and some carbonates that also have a strong

absorption band between 2.0 and 2.5 _tm. Some other

materials can be identified according to albedo and geo-

morphic features. These include basalt flows and playa lakes:

basalt flows are extremely dark in all bands between 0.4

and 2.5 pm; playa lakes are very bright. Surface forms and

drainages provide additional information which permits

identification of these materials. With the exception of these

few materials, however, most rock types cannot be identi-

fied. Rather, the result of image processing of remote sens-

ing data is to produce images that provide separation of

different units by allowing an interpreter to draw bounda-

ries around similar-looking areas and contacts between
dissimilar units.

Fortunately, in the case of porphyry copper deposits, iron

oxides and hydrous minerals are key indicators of hydro-
thermal alteration zones. At the three test sites, it was pos-

sible, using the NS-001 scanner data, to identify the presence

of these minerals and, therefore, infer possible alteration.

This requires no a priori information-merely adequate

exposures of surface materials and outcrops, if these sites

had been unknown targets, i.e., no ancillary information

was available except that the region was favorable for

finding porphyry copper mineralization, the three deposits
or districts would have been identified as promising areas

for further work. The remote sensing data would have pro-

vided an excellent reconnaissance tool for targeting possi-

ble favorable exploration sites.

The use of moderate resolution, large coverage data such

as Landsat, and a model for how and where porphyry cop-

per deposits occur would provide some information for

selecting favorable regions. The southwestern United States

is a known porphyry copper province. Structural analysis

of Landsat data can provide a regional perspective of the
tectonic pattern and point to favorable structural settings

for exploration (an excellent case history has been reported

by Raines, 1978). Once targets have been selected, process-
ing image data to identify areas with iron-oxide and hydrous

minerals present delineates smaller areas for more detailed

groundwork.

For the three copper sites, success was achieved in sepa-

rating many of the rock types present. However, without

some type of ancillary information (maps and/or field

checking), the interpretations depict remote sensing units

that cannot be uniquely identified. Some type of addi-

tional data is needed to convert the interpretations to geo-

logic maps. A brief trip to the site, with preplanned traverses,
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can provide these data. The images can be used as guides

to indicate which areas are important for field sampling. A
minimum number of areas need to be visited since the

images define the extent of each unit. This can result in a

very efficient method for constructing first-level geologic

maps of an area.

This study concentrated on arid or semiarid environ-

ments, with low to moderate vegetation cover and good

outcrops. The degree of success achieved strongly indicates
that the techniques described here could be extrapolated
to similar environments elsewhere, such as South America,

Australia, or Afghanistan/Iran. The problems arising from

other types of physiographical and ecological environ-

ments are more relief, more vegetation, more soil cover,

and less outcrop.

Remote sensing data acquired over areas of moderate to

severe relief have problems that make extracting informa-

tion difficult. The presence of shadowed areas and areas

with small horizontal projections introduces atmospheric

scattering contributions to the radiance measured by the
scanner. To some extent these can be modeled or esti-

mated, then compensated for. However, no method yet

devised is entirely satisfactory. The problem of determin-

ing the actual spectral response of materials in shadows is

still being examined. Severe relief also reduces the hori-

zontal projection of areas the scanner "sees," thus reducing

the size of targets being examined and requiring greater
spatial resolution than if relief were more moderate.

The spectral response of vegetation is such that, with
greater than 40 percent areal coverage, the signature of iron

oxides in the 0.4- to 1.0-p.m region is masked (Siegal and

Goetz, 1977). The effect of increased vegetation cover on

the response of hydrous minerals at 2.0 to 2.5 _m was not

examined in this study. However, from examination of

individual spectral curves, vegetation absorption bands in

this region will probably also mask those absorption bands.

In general, the increased vegetation cover (more than about

40 percent) will prevent the use of spectral remote sensing
data to detect alteration phenomena.

An alternative possibility has been suggested by the work
of Collins (1978) and Birnie and Francisa (1981), who have

used very high spectral resolution radiometers to detect

geobotanical anomalies related to base-metal mineraliza-

tion. They found that two types of spectral features were

associated with vegetation growing on mineralized pyritic

ground. One was a shift in the position of the steep increase

in reflectance at 0.67 /,m; the other was a change in the
ratio of reflectances at 0.565 and 0.465 #m. Collins as well

as Birnic and Francisa suggest that different types of vege-

tation can produce spectral anomalies in different parts of

the spectral region. More work is necessary before these

effects are fully understood. Nevertheless, it does suggest a

possible remote sensing method for exploring for copper

mineralization in heavily vegetated areas.

VI. Implication for Mineral Exploration in
General

The southwestern United States porphyry copper depos-

its are characterized by several surface features that are

common to other types of deposits. These are structural

control, hydrothermal alteration zones, and presence of a

mineralizing intrusion. The structural control has been

documented by other workers and generally consists of

preferential areas of crustal weaknesses that provide favor-

able conduits for upwelling intrusive and mineralizing fluids.

These areas contain faults or fractures commonly associ-

ated with deep-seated basement structures. Intersections of

these features can provide the favorable loci for minerali-

zation. Hydrothermal alteration zones are due to the phys-

iochemical reactivity of magmatic and/or meteoric fluids
that are associated with intrusive or extrusive bodies. Cir-

culating fluids change the mineralogy of the country rocks

and can produce distinctive and diagnostic assemblages.

The zoned alteration sequence developed in association with

porphyry copper deposits is a classic example of this inter-
action. Fluids, often carrying minerals, are generated by

and from the intrusive body. Alteration is most intense

closest to the intrusion and decreases in intensity away from

the intrusion. The presence of an intrusive body can some-
times be directly detected when erosion has exposed the

body; it is also possible to detect covered, but near-surface

intrusions, by subtle changes in the surface topography,

drainage patterns, or fracture patterns.

Many other types of deposits share some or all of these

features. The techniques developed in this study should be

directly applicable to the deposits that occur in similar cli-

matic zones (arid to semiarid). Using Lindgren's (1933)

classification of ore deposits and considering those deposits

with similar wall-rock alteration, hypothermal, mesother-

mal, and epithermal deposits are favorable classes.

Hypothermal deposits form at depths ot"3 to 15 km and

at temperatures of 300 ° to 600 ° C, are associated with deep-

seated acid plutonic rocks, and contain ores of gold, tin,

molybdenum, tungsten, copper, lead, zinc, and arsenic:
alteration includes sericitization in siliceous rocks and

chloritization. Examples are gold of Kirkland Lake, Ontario,

and Kalgoorlie, West Australia, and tin of Cornwall.
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Mesothermal deposits include porphyry coppers. They

form at depths of 1 to 5 km and at temperatures of 200 ° to

300 ° C, are in or near intrusive igneous rocks, and contain

ores of gold, silver, copper, arsenic, lead, zinc, nickel, cobalt,

tungsten, molybdenum, and uranium; alteration includes

sericitization, argillization, propylitization, and carboniti-

zation. Other porphyry-type deposits are associated with

molybdenum, tin, and gold mineralization. The results of

this study should be directly applicable to exploration for

these types of deposits. Porphyry molybdenum deposits

differ from copper deposits only in the dominant ore min-
erals and in the wetness of the intrusion. As a result, altera-

tion zones are spatially more restricted and often telescoped.

Nevertheless, phyllic, quartz-sericitic, argillic, and propy-
litic alteration zones are common and diagnostic. Struc-

tural settings and control are similar, if not identical. The

presence of faults and/or fractures acting as conduits and

preparing sites for mineralization are characteristic fea-

tures of porphyry molybdenum deposits. Tin and gold

deposits do not develop the intensity of alteration seen at
copper and molybdenum deposits. Nevertheless, argillic and

propylitic alteration are common and can be looked for.

Epithermal deposits form near the surface and at tem-

peratures of 50 ° to 200 ° C, are associated with extrusive or
near-surface intrusive rocks, and contain ores of lead, zinc,

gold, silver, mercury, antimony, selenium, bismuth, and

uranium; alteration includes sericitization, argillization,

kaolinization, and dolomitization. Examples are gold of

Goldfield and Comstock, Nevada, and silver of Tonopah,
Nevada. Previous work at these Nevada locations has

demonstrated the power of the TM bands for mapping
alteration facies (Abrams et al., 1977). In the Goldfield area,

five different types of alteration were separable: intense

argillic, silicification, opalization, opalization with iron
oxides, and deuteric. These results should be extendable to

other vein deposits and epithermal systems where altera-

tion is present.

In addition, some deposits, such as Kuroko massive sul-

fide deposits, are associated with volcanic-hydrothermal

activity on the seafloor. Alteration includes sericitization
and chloritization.

Structural control is a general feature of most of the

deposits described above. Intrusive and extrusive rocks and

hydrothermal fluids are localized in the crust at zones of

structural weaknesses, regardless of the type of deposit that

may form.

VII. Future Work

Based on the results of the porphyry copper test site

project, several areas for further study can be recommended.

The abilities to map alteration zones need to be tested

over other porphyry' copper deposits in both similar and
different environments. The large number of deposits in

the southwestern United States offers an opportunity to

evaluate the techniques in identical structural, physio-

graphic, and climatic terrains. Deposits in other types of

terrains should also be investigated. The semiarid region

selected for this study minimized problems due to vegeta-

tion cover, extensive soil development, and moderate to

severe relief. The success achieved warrants attempts to

extrapolate the results in more difficult areas. At the same

time, these areas are liable to represent more closely those

areas currently being explored in parts of the world out-

side the United States. In particular, work by other investi-

gators on geobotanical spectral anomalies needs to be

aggressively pursued since the majority of the poorly

explored parts of the world are heavily vegetated.

A logical extension of this study is to examine deposits

of related minerals, such as porphyry molybdenum, tin, and

gold deposits. Starting with the study of deposits in arid or
semiarid environments, the techniques developed here can

be tested for extension to a variety of mineral commodi-

ties. Because hydrothermal alteration phenomena are quite

similar for a multitude of ore deposits, the success demon-

strated in this study should have wide applicability.

The characteristic mineral assemblages produced by

hydrothermal events suggest a need for further study and

development of instrumentation to perform direct miner-

alogical identification. The Shuttle Multispectral Infrared

Radiometer (SMIRR) experiment is a first step along those

lines, demonstrating the capability to identify' certain clay

minerals directly. Development of an imaging system is the

next step in remote sensing technology aimed at mapping
alteration phenomena.

3-15



References

Abrams, M., R. Ashley, L. Rowan, A. Goetz, and A. Kahle (1977). Mapping of

hydrothermal alteration in thc Cuprite Mining District, Nevada, using aircraft

scanner images for the spectral region 0.46 to 2.36 _m. Geology, 5, 713 718.

Abrams, M. J., and B. S. Siegal (1976). Detection ofaheration associated with a por-

phyry copper deposit in southern Arizona (JPL Technical Memorandum 33-810).

Pasadena, California: Jet Propulsion Laboratory.

Birnie, R., and J. Francisa (1981). Remote detection of geobotanical anomalies related
to porphyry copper mineralization. Econ. Geol., 76(3), 637-647.

Bolviken, B., F. Honey, S. Levine, R. Lyon, and A. Prelat (1977). Detection of natu-

rally heavy-metal poisoned areas by Landsat-i digital data. J. Geochem. E., 8,
457-471.

Collins, W. ( ! 978). Airborne spectroradiometer detection of hea vr'-metal stress in vege-

tation canopies. 5th IAGOD Symposium, Snowbird, Utah. (Programs and Abstracts)

DeGeoffroy, J., and T. K. Wignall (1972). A statistical study of geological character-

istics of porphyry-copper-molybdenum deposits in the Cordilleran Belt-Appli-

cation to the rating of porphyry prospects. Econ. Geol., 67, 656-668.

Gerlach, T. M., D. L. Norton, and J. E. Knight (1975). Porphyry pluton environ-

ments; computed mass transfer for reactions between hydrothermal fluids and
sedimentary host rocks. Econ. Geol., 70, 1320-132 I. (Abstract)

Henley, R. W., and A. McNabb (1978). Magmatic vapor plumes and ground-water

interaction in porphyry copper emplacement. Econ. Geol., 73, 1-20.

Krohn, D., M. Abrams, and L. Rowan (1979). Discrimination of hydrothermally

altered rocks along the Battle Mountain-Eureka, Nevada, mineral belt using

Landsat images. U.S. Geol. Surv. Open File Rep. 78-585.

Kuosmanen, V. (1977). Investigation of Landsat imagery on correlations between ore
deposits and major shieM structures in Finland (Final Report, Landsat Follow-on

Investigation 28-600). Greenbelt, Maryland: Goddard Space Flight Center.

Lindgren, W. (1933). Mineraldeposits. New York: McGraw-Hill.

Lipman, P. W., H. J. Prostka, and R. L. Christiansen (1972). Cenozoic volcanism

and plate-tectonic evolution of the western United States. Philos. Trans. R. Soc.
Lond., 271,217-284.

Lowell, J. D., and D. M. Guilbert (1970). Lateral and vertical alteration-minerali-

zation zoning in porphyry ore deposits. Econ. GeoL, 65(4), 373-408.

3-16



Meyer, C., and J. J. Hemley (1967). Wallrock alteration. In H. Barnes (Ed.), Geo-

chemistry ofhydrothermal ore deposits. New York: Rinehard and Wilson.

Norton, D. (1978). Sourcelines, sourceregions, and pathlines for fluids in hydro-

thermal systems related to cooling plutons. Econ. Geol., 73, i-28.

Prost, G. (1980). Alteration mapping with airborne multispectral scanners. Econ.
Geol., 75, 894-906.

Raines, G. (1978). Porphyry copper exploration model for northern Sonora, Mexico.
U.S. Geol Surv. J. Res., 6(1), 51-58.

Ramos, V. A. (1977). Basement tectonics from Landsat imagery in mining explora-

tion. Geol. Mijnbouw, 56(3), 243-252.

Readdy, L. (1978). Porphyry copper and hydrothermal alteration investigation (Final

Report to U.S. Geological Survey). (Report PB-291205)

Rose, A. W. (1970). Zonal relations of wallrock alteration and sulfide distribution at

porphyry copper deposits. Econ. Geol., 65, 920-936.

Rowan, L. C., P. H. Wetlaufer, A. F. H. Goetz, F. C. Billingsley, and J. H. Stewart

(1974). Discrimination of rock types and detection of hydrothermally altered areas

in south-central Nevada by the use of computer-enhanced ERTS images. U.S.

Geol. Surv. Prof. Pap. 883.

Sales, R. H., and C. Meyer (1948). Wallrock alteration at Butte, Montana. AIME
Trans., 178, 9-33.

Schmidt, R. G. (1976). Detection of hydrothermal sulfide deposits, Saindak area,

West Pakistan. U.S. Geol. Surv. Prof. Pap. 929, 89-91.

Schmidt, R. G. (1978). The potential for copper-molybdenum deposits in the east-

ern United States. U.S. Geol. Surv. Prof. Pap. 907-E.

Siegal, B., and A. Goetz (1977). Effect of vegetation on rock and soil type discrimi-
nation. Photogr. E. R., 43(2), 191-196.

Sillitoe, R. H. (1972). A plate tectonic model for the origin of porphyry copper deposits.
Econ. Geol., 67, 184-197.

Sutherland Brown, A. (1976). General aspects of porphyry deposits of the Cana-

dian Cordillera-morphology and classification, in Porphyry deposits of the Ca-
nadian Cordillera, A. S. Brown (Ed.), Can. Inst. Min. Met. Spec. Vol., 15.

Titley, S. R. (1975). Geological characteristics and occurrences in the southwestern
Pacific. Econ. Geol., 70, 499-514.

Wilson, J. C. (1975). Research on recognition of the geologic framework of prophyrv

copper deposits on ERTS-I imagery (Final Report, Landsat Investigation 21769).

Greenbelt, Maryland: Goddard Space Flight Center.

Bibliography

Armstrong, R. L., J. E. Harakal, and V. F. Hollister (1976). Age determinations of

Late Caenozoic porphyry copper deposits of the North American Cordillera. Trans.

Inst. Mining Met., Sect. B, 85, 239-244.

3-17



Banks, N., and N. Page (1977). Some observations that bear on the origin of por-

phyry copper deposits. U.S. Geol. Surv. Open File Rep. 77-127.

Barr, D. A., P. E. Fox, K. E. Northcote, and V. A. Preto (1976). The alkaline suite

porphyry deposits: A summary. Can. Inst. Min. Met. Spec. Vol., 15, 359-367.

Bogdanov, B. (1976). Massive sulfide and porphyry copper deposits in Teth),s region.

25th IGC Meeting. (Abstract)

Botbol, J. M. (1971). An application of characteristic analysis to mineral explora-

tion. Can. Inst. Min. Met. Spec. VoL, 12, 92-99.

Branch, C. D. (1976). Development of porphyry copper and stratiform volcanogenic

ore bodies during the life cycle of andesitic stratovolcanoes. In Volcanism in A us-

tralasia, 337-342.

Christopher, P. A., and N. C. Carter (1976). Metallogeny and metallogenic epochs

for porphyry mineral deposits in the Canadian Cordillera. Can. lnst. Min. Met.

Spec. Vol., 15, 64-71.

Corn, R. M. (1975). Alteration mineralization zoning, Red Mountain, Arizona. Econ.

GeoL, 70, 1437-1447.

DeGeoffroy, J., and T. K. Wignall (1971). A probabilistic appraisal of mineral

resources in a portion of the Grenville Province of the Canadian Shield. Econ.
Geol., 66, 466 479.

DeGeoffroy, J., and T. K. Wignall (1973). Statistical models for porphyry-copper-

molybdenum deposits of the Cordilleran Belt of North and South America. Can.

Mining Met. Bull., 66, 84-90.

Drummond, A. D., and C. I. Godwin (1976). Hypogene mineralization: An empiri-

cal evaluation of alteration zoning. Can, lnst. Min. Met. Spec. VoL, 15, 52 63.

Emmons, W. (1927). Relations of disseminated copper ore in porphyry to igneous

intrusives. Amer. Inst. of Min. Met. Eng. Trans., 75, 797-815.

Gilmour, P. (1977). Mineralized intrusive breccias as guides to concealed porphyry

copper systems. Econ. GeoL, 72, 290-303.

Grew, P. C. (1976). Stress corrosion cracking and porphyry copper mineralization.
EOS, 5 7, 321.

Horton, D. J. (1978). Porphyry-type copper-molybdenum mineralization belts in
East Queensland, Australia. Econ. Geol., 73, 904 921.

Hutchinson, R. W., and R. W. Hodder (1972). Possible tectonic and metallogenic

relationships between porphyry copper and massive sulfide deposits. Can. Inst.
Mitt. Met. Trans., LXXI/, 16-22.

James, A. H. (1971). Hypothetical diagrams of" several porphyry copper deposits.
Econ. Geol., 66, 43 -47.

Jensen, M. L. (1975). Summary ofspace imagery studies in Utah and Arizona. NASA

Earth Resources Surv_:v ,S),mposium (NASA TM X-58168, G-9). Houston: John-

son Space Center, 673 712.

Kesler, S., L. Jones, and R. Walker (1975). Intrusive rocks associated with porphyry

copper mineralization in island arc areas. Econ. Geol., 70, 5[5-526.

Kesler, S., J. Sutter, and M. Issigonis (1976). Tectonic evolution of porphyry copper

mineralization in Panama. GSA Abstracts _tth Programs, 8(6).

3-18



Kesler, S., J. Sutter, M. Issigonis, L. Jones, and R. Walker (1977). Evolution of por-

phyry copper mineralization in an oceanic island arc: Panama. Econ. Geol., 72,
1142-1153.

Kirkham, R. V. (1971). Intermineral intrusions and their bearing on the origin of

porphyry copper and molybdenum deposits. Econ. Geol., 66, 1244-1249.

Laznicka, P. (1976). Porphyry copper and molybdenum deposits of the USSR and

their plate tectonic settings. Trans. Inst. Mining Met. Sect. B, 85, 14 32.

Livingston, D. E. (1973). A plate tectonic hypothesis for the genesis of porphyry

copper deposits of the southern Basin and Range Province. Earth Plan., 20, 171-
179.

Livingston, D. E., R. L. Maryer, and P. E. Damon (1968). Geochronology of the

emplacement, enrichment, and preservation of Arizona porphyry copper deposits.
Econ. GeoL, 63, 30-36.

Lowell, J. D. (1974). Regional characteristics of porphyry copper deposits of the
Southwest. Econ. GeoL, 69, 601- 617.

Lukanuski, J. N., A. E. Nevin, and S. A. Williams (1976). Locomotive-type post-ore

fanglomerate as exploration guides for porphyry copper deposits. A 1ME Trans.,
260, 326-33 !.

Mitchell, A. H. G. (1976). Tectonic settings Jbr emplacement of subduction-related

magmas and associated mineral deposits (Special Paper No. 14). Geological Asso-
ciation of Canada.

Mitchell, A. H. G., and M. S. Garson (1972). Relationship of porphyry copper and

circum-Pacific fin deposits to Palaeo-Benioff Zones. A IME Trans., B I0-B25.

Moore, W. J., and J. T. Nash (1974). Alteration and fluid inclusion studies of the

porphyry copper ore body at Bingham, Utah. Econ. Geol., 69, 631-645.

Mustard, D. K. (1976). Porphyry exploration in the Canadian Cordillera. Can. Inst.

Min. Met. Spec. Vol., 15, 17-20.

Ney, C. S., R. J. Cathro, A. Panteleyer, and D. C. Rotherham (1976). Supergene

copper mineralization. Can. ltzr_. Min. Meg. Spec. Vol., 25, 72-78.

Ney, C. S., and V. F. Hollister (1976). Geologic setting of porphyry deposits of the

Canadian Cordillera. Can. Inst. Mitt. Met. Spec. VoL, 15, 21-29.

Nielsen, R. L. (1968). Hypogcne texture and mineral zoning in a copper-bearing

granodiorite porphyry stock, Santa Rita, New Mexico. Econ. Geol., 63, 37--50.

Nielsen, R. L. (1976). Recent developments in the study of porphyry copper geol-

ogy: A review. Can. Inst. Min. Met. Spec. I/ol., 15, 487-500.

Oyarzirn, M., and J. Frutos (1975). Porphyry copper and tin-bearing porphyries: A

discussion of genetic models. J. Pt_vs. Earth Planetary lnterior_, 9(3), 259-263.

Pitcher, S. H., and J. J. McDougall (1976). Characteristics of some Canadian Cordil-

lera porphyry prospects. Can. Inst. Min. Met. Spec. Vol., 15, 78-82.

Rico, B. S. (1975). Some geologic and exploration characteristics of porphyry copper

deposits in a volcanic environment, Sonora, Mexico. Master's thesis, University of
Arizona.

Rose, A. W. (1970). Zonal relations of wallrock alteration and sulfide distribution at

porphyry copper deposits. Econ. Geol., 65, 920-936.

3-19



Sales, R. H. (1954). Genetic relations between granites, porphyries, and associated

copper deposits. AIME Trans., 499 505.

Saul, J. (1978). Circular structures of large scale and great age on the Earth's sur-
face. Nature, 2 71,345-349.

Seraphim, R. H., and V. F. Hollister (1976). Structural settings. Can. Inst. Min. Met.

Spec. Vol., 15, 30-43.

Sillitoe, R. H. (1972). A plate tectonic model for the origin of porphyry copper deposits.
Econ. Geol., 67, 184-197.

Titley, S. R., and T. L. Heidrick (1978). Intrusion and fracture styles of some miner-

alized porphyry systems of the southwestern Pacific and their relationship to plate
interactions. Econ. Geol., 73, 891-903.

Williams, S. A. (1976). Petrographic criteria unique to porphyry copper deposits. 25th

IGC Meeting. (Abstract)

3-20



Section 4

Silver Bell, Arizona,

Porphyry Copper Test Site Report

Michael J. Abrams

Jet Propulsion Laboratory

David Brown
Texasgulf Inc.

Tucson, Arizona



_b



Section 4

Silver Bell, Arizona,

Porphyry Copper Test Site Report

Contents

4-1
Introduction ...............................................

4-I
A. Rationale for Site Selection ................................

4-1
B. Site-Specific Objectives and Problems ....................... 4-2
C. Remote Sensing Model ............................... 4-2

I. Ore zones ................................ 4-2

2. High pyrite zones (pyrite halo) ........................... 4-2
3. Potassic alteration ................................. 4-2

4. Phyllic/argillicalteration .................. iiiiiiiiiiiiii 4-2
5. Propylitic alteration ...................... 4-2
6. Tactite alteration .............................. 4-2

7. Breccia pipes .......................................... 4-2

8. Structural features .....................................

D. Data Sources and Interpretation Methods .................... 4-24-2
I. Remote sensing data .................................. 4-3

2. Support data ................................ 4-3
3. Geophysical support data .............................. 4-4
4. Procedures for interpreting and comparing data ............

• 4-4
|i. Description of Site ...............................

• 4-4
A. General Description .....................................

4-5
B. Physiography and Gcomorphology ..........................

4-6
C. Cultural and Land Use Patterns ............................

• 4-6
D. Geologic History ............................... 4-6

I. Stratigraphic evolution .................................. 4-9

2. Structural evolution .............................. 4-10

3. Emplacement of mineral deposits ......................... 4-11

4. Hydrothermal alteration patterns ..................... 4-12
5. Discovery and development history' . ...............

4-iii

PRE_ PAGE BLANK NOT FILMED



III. Discussionof PFRSData .................................... 4-14

A. Introduction .............................................. 4-14

B. Spectral Measurements ..................................... 4-14

IV. Sensor Simulations Using PFRS Data ......................... 4-20

V. M2S image Spectra .......................................... 4-22

Vl. Calibration of NS-001 Data ................................... 4-29

VII. NS-001 Image Spectra ....................................... 4-31

VIII. Image Analysis and Interpretation ............................ 4-32

A. Color Aerial Photographs ................................... 4-32

B. Radar Data ............................................... 4-34

C. Landsat MSS Images ...................................... 4-35

D. M2S i l-Channel Scanner Aircraft Images ..................... 4-37

E. NS-001 Aircraft Images .................................... 4-45

I. Standard color ratio composite image (uncalibrated) ........ 4-45

2. Canonical transformation image

(11 groups-igneous rocks only) ........................... 4-48

3. Canonical transformation image

( 18 groups- all rock types) ............................... 4-5 I

4. Supervised classification ................................. 4-51

5. Principal components analysis ............................ 4-53

6. Summary ofNS-001 results .............................. 4-58

F. Thermal Data ............................................. 4-59

G. Comparison of Spatial Resolution ............................ 4-63

IX. Conclusions ................................................ 4-65

Acknowledgments ................................................ 4-70

....................................................... 4-71References

Figures

4-1

42

4-3.

4-4.

4-5.

4-6.

4-7.

4-8.

4-9.

4-10.

4-11.

Location of Silver Bell test site in southern Arizona .......... 4-4

Map of Silver Bell test site showing features described in
this section ............................................ 4-5

Silver Bell geologic map ................................. 4-7

Simplified geologic cross sections of Silver Bell ............. 4-8

Pre-Laramide regional structure .......................... 4-9

Silver Bell structural map showing mapped faults and dikes

and showing structures inferred from geophysical data ....... 4-10

Alteration map of Silver Bell District ...................... 4-12

Alteration zoning at Silver Bell ........................... 4-13

Location of sample sites for PFRS data acquisition

and mineralogical analyses .............................. 4-15

PFRS reflectance spectra for rocks measured at Silver Bell:

(a) dacite; (b) dacite, propylitic; (c) dacite, phyllic;

(d) dacite, potassic ...................................... 4-16

PFRS reflectance spectra for rocks measured at Silver Bell:

(a) alaskite, propylitic; (b) alaskite, potassic/

propylitic; (c) alaskite, potassic; (d) alaskite, phyllic .......... 4-17

4-iv



4-12.

4-13.

4-14.

4-15.

4-16.

4-17.

4-18.

4-19.

4-20.

4-21.

4-22.

4-23.

4-24.

4-25.

4-26.

4-29.

4-30.

4-31.

4-34.

PFRS reflectance spectra for rocks measured at Silver Bell:

(a) monzonite, potassic; (b) monzonite, propylitic;

(c) granodiorite; (d) Mt. Lord; (e) Mr. Lord, phyllic ............ 4-18

PFRS reflectance spectra for rocks measured at Silver Bell:

(a) Claflin Ranch; (b) Silver Bell mudflow; (c) basalt;

(d) limestone_ (e) red beds ................................. 4-19

Results of linear discriminant function analysis
for alaskites ............................................. 4-23

Results of linear discriminant function analysis
for dacites ............................................... 4-24

Results of linear discriminant function analysis

for I I igneous rock groups ................................. 4-25

Results of linear discriminant function analysis

for 18 rock groups ........................................ 4-26

Image spectra from M:S I I-channel data for 15 rock

types at Silver Bell ........................................ 4-28

Image spectra from M2S I 1-channel data derived by
normalizing raw DN values to imaginary basalt curve

with equal reflectance values in all channels .................. 4-30

Calibration of NS-001 data ................................ 4-32

NS-O01 image spectra derived from calibrated data ............ 4-33

Comparison of PFRS spectra and NS-001 calibrated

image spectra for limestone and altered dacite ................ 4-34

Color aerial photograph of Silver Bell area ................... 4-35

X-band aircraft radar image of Silver Bell area ................ 4-36

Seasat L-band radar image of Silver Bell area ................. 4-38

Structural interpretation of Seasat radar image

(Figure 4-25) ............................................ 4-39

Landsat color ratio composite .............................. 4-40

Interpretation of Landsat color ratio composite

(Figure 4-271 showing lineaments and areas that have
iron-oxide minerals ....................................... 4-41

Aircraft scanner coverage of Silver Bell test site for M 2S
and NS-001 data overflights ................................ 4-42

M2S 1 l-channel color ratio composite ....................... 4-43

Interpretation map of M2S color ratio composite
(Figure 4-30) ............................................ 4-44

NS-001 color ratio composite ............................... 4-46

Interpretation map ofNS-001 color ratio composite

(Figure 4-32) ............................................ 4-47

NS-001 canonical transform image. Axes derived from

discriminant function analysis of I 1 rock groups

using PFRS data ......................................... 4-49

Interpretation map of NS-001 canonical transform image

(Figure 4-34) ............................................ 4-50

NS-001 canonical transform image. Axes derived from

linear discriminant analyses of 18 rock groups using
PFRS data .............................................. 4-52

4-¥



4-37.

4-38.

4-39.

4-40.

4-41.

4-42.

4-43.

4-44.

4-45.

4-46.

4-47.

4-48.

4-49.

4-50.

4-51.

Tables

4-1.

4-2.

4-3.

4-4.

4-5.

4-6.

4-7.

4-8.

4-9.

4-10.

4-11.

4-12.

4-13.

4-14.

4-15.

4-16.

4-17.

4-18.

4-19.

4-20.

4-21.

(a) Training areas for supervised classification of NS-001
data; (b) classification map for Mt. Lord ..................... 4-54

Classification maps for NS-001 data: (a) altered dacite;

(b) unaltered dacite; (c) Ciaflin Ranch; (d) granodiorite ........ 4-55

Classification maps for NS-001 data: (a) Ragged Top;
(b) Silver Bell !; (c) basalt; (d) red beds ...................... 4-56

Classification maps for NS-001 data: (a) monzonite:

(b) alaskite; (c) limestone; (d) Silver Bell 2 ................... 4-57

Thematic map produced from NS-001 supervised
classification ............................................. 4-58

Plot of loadings on first four eigenvectors (V I, V2, V3, V4)

from NS-001 principal components analysis .................. 4-59

Principal components values for first four eigenvectors

(VI, V2, V3, V4) for 13 rock groups from NS-001 data ......... 4-60

Principal components images from N S-001 data ............... 4-61

Principal components color composite from NS-001 data ....... 4-62

Interpretation map of N S-001 principal components

composite (Figure 4-45) ................................... 4-63

M2S thermal data for Silver Bell ............................ 4-64

Color composite of MzS data ............................... 4-65

Interpretation map of M2S thermal-albedo color

composite (Figure 4-48) ................................... 4-66

Composite of Silver Bell test site ............................ 4-67

Comparison of spatial resolution ............................ 4-68

Scales and sources of remote sensing data for
Silver Bell test site ........................................ 4-3

Stratigraphic section, Silver Bell ............................ 4-6

Mineralogy from X-ray analyses ............................ 4-15

Absorption bands in PFRS spectra .......................... 4-20

Sensor simulation bands ................................... 4-2 l

Rock-type groups ........................................ 4-21

Summary of classification accuracies for 20 analyses ........... 4-22

Rock types from M2S data ................................. 4-27

Raw DN values and standard deviations from M2S data ........ 4-27

M:S relative reflectance normalized to basalt ................. 4-29

Silver Bell basalt: PFRS average curve ....................... 4-31

M_S reflectance values normalized to PFRS basalt spectrum ..... 4-3 I

NS-001 DN values versus percentage reflectance (PFRS) ....... 4-31

1.6/2.2-#m image spectra and PFRS ratios ................... 4-34

M:S I I-channel bands .................................... 4-43

Wavelength bands of NS-O01 scanner ....................... 4-45

Silver Bell training areas ................................... 4-53

Statistics of training areas .................................. 4-53

Training area accuracy .................................... 4-59

Eigenvalues and eigenvectors for NS-O01 data ................ 4-59

Principal components values ............................... 4-59

4-vi



Section 4

Silver Bell, Arizona,

Porphyry Copper Test Site Report

I. Introduction

A. Rationale for Site Selection

The Silver Bell area was chosen as one of the three por-

phyry copper test sites for several geological and nongeo-

logical reasons. First, the rock types and alteration patterns

in the district are well exposed at the surface. Soil and veg-

etation cover are minimal, and topographic relief is gener-

ally moderate. Second, the Silver Bell District offers an

opportunity to study an unusually elongated zone of alter-
ation and mineralization in which the structural and zon-

ing patterns are tightly compressed into a relatively narrow
area. Third, the area contains a diverse mixture of plu-

tonic, volcanic, and sedimentary rocks typical of many

porphyry copper districts in the southwestern United States.

Because of the long mining history of the Silver Bell
District, the area has been well studied, and a wealth of

support data is available to help interpret the remote sens-

ing data. The presence of active mining operations offers

the opportunity to study an area modified by pits and
dumps.

The Silver Bell area was also chosen because of the

cooperation of the American Smelting and Refining Com-

pany (ASARCO) management in allowing access for ground

support work. ASARCO also agreed to provide certain

proprietary data to aid in interpretation of the district,

including a geologic map and an alteration map.

B. Site-Specific Objectives and Problems

The overall objective of the Silver Bell test site study was
to assess the usefulncss of a number of multispectral scan-

ner systems as mapping tools in a known porphyry copper

environment. The various imaging systems, alone and in
combination with each other, were evaluated for their abil-

ity to discriminate the major rock types, alteration pat-
terns, and structural elements associated with Silver Bell

porphyry copper mineralization. The major observable
features include:

(!) Main zone alteration- Definition of the main Silver

Bell alteration zone and detection of zoning patterns
within it.

(2) Peripheral alteration - Identification of other altera-

tion zones peripheral to the main structural zone;

also, identification of alteration areas separate from
or unrelated to the main zone, but associated with

hydrothermal activity in other parts of the district.

(3) Rock types-Discrimination of the main lithologies

in the area, based on their individual spectral
characteristics.

(4) Structural features Identification of major struc-

tural elements, including regional northwest faults,

transverse faults, and northeast porphyry dike swarms.

The Silver Bell area offers some special challenges to

meeting these various objectives. First, much of the geol-

ogy in critical areas is obscured by dump material and steep-

walled open pits, which would not ordinarily be present in

an actual exploration site. Spotty "windows" of data must

be extrapolated from peripheral areas into the obscured
ore bodies.

A second problem concerns the relation of surficial

material to ore mineralization located an average of 30 m

4-1



below the surface. Recognition of primary alteration and

structural patterns may be difficult because of the effect of

extensive supergene oxidation and leaching near the surface.

C. Remote Sensing Model

The remote sensing model adopted for this test case con-

sists of the various color, tonal, textural, and vegetative

characteristics expected for the different lithologic and

structural features of the Silver Bell area. The general aspects

of the model are similar to a photogeological model for

porphyry copper deposits in arid environments, developed

by Readdy (1978). This photogeological model was derived

by comparing Landsat images, radar images, color aerial

photographs, and thermal infrared data of the Sar Ches-

mah, lran, and Safford, Arizona, deposits. The Readdy

model has been adapted and modified to describe the fea-

tures of the porphyry copper mineralization at Silver Bell.

I. Ore zones. The main ore zones at Silver Bell include

subcircular to elliptical zones of chalcocite enrichment in
the Oxide, El Tiro, and North Silver Bell areas. These areas

should have a fine-textured drainage pattern due to stock-

work zones, crackle breccias, or closely spaced parallel

fractures. Soil development may be more abundant as a

result of more easily weathered material. Vegetation

anomalies may coincide with ore zones, either as reduced

growth due to metal toxicity or as more abundant growth

resulting from the presence of potash and phosphates

(Readdy, 1978).

2. High pyrite zones (pyrite halo). The "pyrite halo" at

Silver Bell consists of that portion of the main alteration

zone outside the main ore deposits. The pyritic zones are

characterized by low copper concentrations, high py-

rite/copper sulfide ratios, and a relative abundance of
jarositic limonite.

The presence of sericite and clay minerals in the pyritic

zone tends to produce an overall lighter tone in contrast to

the darker tones of surrounding fresh rocks. A diagnostic

brick-red or yellowish-brown color is characteristic of the

capping produced by oxidation of copper-poor sulfides. The

pyritic zone may correspond to a more subdued topogra-

phy with rounded ridges due to relatively high frac-
ture density and the presence of soft clays and sericite

(Readdy, 1978).

3. Potassic alteration. No direct detection of the potas-

sic alteration products, such as K-feldspar, biotite, or

anhydrite, is likely to be possible. However, indirect sepa-

ration of potassic alteration may be possible through the

spectral characteristics of spatially associated features. For

example, the potassic zones may have slightly different

amounts of clays and sericite and higher hematite to goethite

plus jarosite ratios than adjacent phyllic or argillic altera-
tion zones.

4. Phyllic/argillic alteration. Phyllic and argillic altera-

tion at Silver Bell generally coincides with the pyritic zone,

the general characteristics of which have already been

summarized. In addition to the indirect tonal and geo-

morphic features, the main alteration minerals-sericite,

clays, and limonite-should be detectable by their diag-

nostic spectral absorption bands.

5. Propylitic alteration. Areas of propylitic alteration

should have an overall light tone and a pale greenish tint

in the visible region of the spectrum due to the presence of

minerals such as albite, epidote, and chlorite. Also, the

presence of small amounts of limonite from the oxidation

of pyrite should be detectable on Landsat and aircraft

images.

6. Tactile alteration. Detection of most tactite zones is

unlikely because of the small size of outcrops and the lack

of spectrally diagnostic primary minerals. Some of the tac-

tite bodies at Silver Bell form craggy, resistant knobs or

ridges due to their hardness (Merz, 1967). Also, the abun-

dance of minerals such as garnet, magnetite, and diopside

should give tactite units a generally dark tone relative to

adjacent igneous rocks or unaltered limestone. Some
mineralized tactites may contain enough limonite from

primary sulfides to be detected on the basis of iron absorp-
tion characteristics.

7. Breccia pipes. Several small breccia pipes are present

in the North Silver Bell area. These pipes are silicified and
sericitized areas which form resistant knobs and ridges. The

Silver Bell breccia pipes average only 30 to 60 m in size

and, thus, should only be visible in high-spatial resolution

image data because of their slight positive topographic relief.

8. Structural features. Regional basement structure

appears to control the locus of intrusion and mineral

emplacement at Silver Bell. In addition, local northeast
fractures and dike swarms acted to localize more intense

mineral development. Structure at various scales should be

identifiable from the various image types, depending on
their scale and resolution.

D. Data Sources and Interpretation Methods

1. Remote sensing data. Remote sensing data acquired
for the Silver Bell test site include aircraft and Seasat radar,

Landsat Multispectral Scanner (MSS) images, aircraft
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multispectral scanner data, and color aerial photography.
The scales at which these data were used and the sources

of these data are shown in Table 4- i.

The aircraft radar data examined consist of four glossy

prints at a scale of approximately 1: 100,000, covering

essentially the equivalent area of a Landsat 1:125,000

enlargement. The four prints include two different look
directions (northeast and northwest), each with two differ-

ent polarizations. The Seasat data are an approximately

1:125,000 image covering a roughly 80- by 70-km area, or

the approximate southeast quarter of the Phoenix Landsat
frame,

Landsat data consist of three full-frame color compos-

ites of the Phoenix scene, recorded during three different

seasons (winter, spring, and summer, 1976 to 1977). The

computer tapes for these three frames were further pro-

cessed by various band ratioing and principal components

techniques, and printed as !: 125,000 enlargements, cover-

ing roughly 8 percent of the full-frame area. Each image

covers a rectangular area of about 37 by 25 km.

The aircraft photographic and scanner data were acquired

by a NASA C-130 overflight at an altitude of approxi-
mately 4500 m. The scale of the images produced is

approximately 1:24,000. The NS-001 Thematic Mapper

Simulator scanner coverage consists of a single northwest-

oriented swath approximately 20 by 15 km in size, with an

instantaneous field of view (IFOV) of 12 m. The computer-

processed NS-001 data were printed onto three separate

images, covering the southeast, central, and northwest parts
of the district.

Table 4-1. Scales and sources of remote sensing data for Sliver Bell

test site

Data Scale Source Date

Scasat I : 125,000 Jet Propulsion October 1978
Laboratory (JPL)

Aircraft SLAR 1:100,000 Johnson Space April 1979
Center (JSC)

Landsat MSS 1: 125,000; JPL (processed March 1976
1:500,000 from EROS Data December 1976

Center tapes) June 1977

I l-channel M2S 1:24,000 JSC August 1977

May 1978

NS-001 1:24,000 JSC October 1978

(Thematic Mapper
Simulator)

Color aerial 1:24,000 JSC October 1978

photography

The aircraft Modular Multispectral Scanner (M2S)

l 1-channel images were acquired at a slightly higher alti-
tude than the NS-001 data, and cover a wider area, with an

IFOV of 15 m. The processed portion of the I l-channel

images consists of a single color ratio composite image

covering the central part of the district.

2. Support data. Ancillary data used in the interpreta-

tion of the Silver Bell remote sensing data include geologi-

cal and geophysical information from both published and

unpublished sources. Detailed geologic data on the main

part of the district are provided by an unpublished

ASARCO map at a scale of approximately 1:12,000. This

map, compiled from several sources, shows fine structural

and lithologic details, including the location of the numer-

ous northcast-striking monzonite porphyry dikes.

ASARCO's geologic map covers only the central and
eastern parts of the Silver Bell Mountains, and not the out-

lying parts of the test site. Generalized data on the entire

Silver Bell and West Silver Bell Mountains are provided

by an unpublished Texasgulf, Inc., geologic map. This map,

at a scale of i:24,000, was compiled by D. M. Brown from

pubfished sources and reconnaissance mapping.

The distribution of alteration types within the main Sil-
ver Bell structural zone was taken from ASARCO's altera-

tion maps, printed as clear mylar overlays at a 1:24,000

scale. Richard and Courtright's published map (1966) shows

the outline of intense hydrothermal alteration as well as
the distribution of tactite bodies and mineralized fractures.

The Richard and Courtright map was enlarged onto a

1:24,000 mylar overlay format to be compatible with the

other geologic data.

Volcanic stratigraphy and petrographic descriptions of

the igneous rock types within the main part of the mining
district are found in a dissertation on the eastern Silver

Bell Mountains by Watson (1964). Watson's geologic map

was incorporated into the ASARCO and Texasgulfcompi-

lation maps.

Geological information for the remainder of the test site

is provided by a variety of published references including
Banks and Dockter (1976) and McClymonds (1959).

Regional geologic data on the 1:500,000 Arizona State

Geologic Map (Wilson and Moore, 1969) and 1:375,000

Pima and Santa Cruz Counties Geologic Map (Wilson et al.,

1960) were useful, primarily in interpreting Landsat images.

3. Geophysical support data. A detailed aeromagnetic map

of the Silver Bell region was used to provide verification of

structural features identified on the images. The aero-
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magnetic data are on a mylar overlay, at a scale of 1:24,000.

The data are from 1973 -1974 surveys flown for Texasgulf

by Applied Geophysics, at a flight height of 200 m and 0.5-

km line spacing. Most of the test site area is also covered

by a less-detailed aeromagnetic survey flown for the U.S.

Geological Survey in 1976, with a flight height of 1300 m

(barometric) and a line spacing of 1.5 km (USGS, 1980).

Regional geophysical data for interpretation of high-

altitude Landsat and Seasat images consist of the Arizona
residual aeromagnetic map (Sauck and Sumner, 1970) and

the Bouguer gravity map of Arizona (Aiken, 1975). The

aeromagnetic data are on a 1:500,000 mylar overlay, while

the gravity data are on a I: !,000,000 paper print.

4. Procedures for interpreting and comparing data. The

Silver Bell data were interpreted in three basic steps: (l)
visual comparison between images and support data, pri-

marily through the use of overlays: (2) ground checking
the site to substantiate any interpretive conclusions and to

check the cause of any unusual features or discrepancies;

and (3) further visual comparisons and integration with

laboratory and ground spectral data.

The boundaries of distinctive spectral features were traced

onto mylar from the various images, and the individual

areas were classified and labeled according to similar spec-

tral characteristics. Black-and-white transparencies of the

geological or geophysical data were then placed on top of

the appropriate images and compared with the interpreted

overlays. This technique of using transparent overlays with

contact boundaries and structurc allowed the direct super-

position of mapped geology on the color image products as

well as the simultaneous comparison of data sets The
interpretive overlays were also placed on top of a colored

print of the Texasgulf district geologic map in order to
compare lithologic separations.

Alteration data were compared to the images in the same

manner as the lithologic and structural data. Mylar over-
lays of the ASARCO-supplied alteration zones and the

Richard and Courtright sketch of the main alteration zone

were placed directly over the 1:24,000 aircraft images and

compared with visually interpreted features.

The various geologic and alteration overlays did not fit

the images exactly because of slight scale differences and

geometric distortion of the images. To compensate for this,
the overlays were manually rotated or shifted to match the

appropriate part of the image as closely as possible. The

matching was done by using topographic, drainage, or cul-
tural features as guides.

II. Description of Site

A. General Description

The Silver Bell test site is located in Pima and Pinal

Counties, Arizona, approximately 60 km northwest of Tuc-

son (Figure 4-1), centered at lat. 32025 ' N, long. 111°30 ' W.

The site is reached by driving 30 km north of Tucson on

Interstate Highway 10, then 30 km west on a paved county
road to the Silver Bell town.site.

The test area covers a rectangular strip approximately 20

by 15 km, centered over the Silver Bell Mountains, an area of

generally moderate relief with elevations ranging from 600 to

1400 m. The site is bounded on the northwest by the West

Silver Bell Mountains, a low-lying group of hills. Coverage
extends southward to the northern end of the Waterman

Mountains, a moderately rugged range similar in relief and
elevation to the Silver Bell Mountains. The test site is bounded

by two intramountain basins: the Avra Valley on the east and
the Aguirre Valley on the west (Figure 4-2).

The climate of the area is semiarid, with an average annual

rainfall of 25 cm. The site supports a typical growth of Sono-

ran desert vegetation, including palo verde and ironwood trees,

saguaro cactus, and salt cedar trees along certain washes.
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Figure 4-1. Location of Silver Bell test site in southern Arizona
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Vegetative cover is generally sparse and varies from l0 to 15

percent in lower elevations to as much as 20 to 25 percent in

higher elevations and along major washes.

The amount of outcrop exposure averages about 30 to 40

percent in the central parts of the Silver Bell and West Silver
Bell Mountains. Exposure in the pediment areas varies from

0 to 10 percent, with outcrops occurring mainly as small iso-
lated hills and along arroyo bottoms. Surficial cover consists

of 0.1 to 2 m ofcolluvium and talus on ridges and hill slopes.

The pediment aprons adjacent to the mountain ranges are

covered by 0 to 10 m of semiconsolidated gravels topped by
a thin veneer of soil.

The colluvial deposits tound on hill slopes are generally a

mixture of rock fragments and iron-oxide-sulined _il and clay.

Rock fragments vary in size from a few millimeters up to

boulders 0.5 to 1.5 m across, with the average size being

approximately 20 cm. The composition of talus and colluvial

rock fragments closely reflects the adjacent and subjacent

geology since the fragments are derived by essentially in-place
weathering of parental rocks (Richardson and Miller, 1974).

B. Physiography and Geomorphology

The Silver Bell and Waterman Mountains have moder-

ately sleep slopes in their central higher elevations and more
rounded, subdued hills and ridges on their margins. Slopes

near the higher peaks, such as Silver Bell Peak, average

about 40 ° to 50 ° . The steepest topography occurs on Rag-

ged Top Peak, a craggy volcanic neck at the north end of

the Silver Bell Mountains, where steep cliffs with 60 ° to

70 ° slopes are common. The limestone units of the Water-

man Mountains also form very steep escarpments and rug-

ged ridges with slopes of 50 ° to 70 °. Landslopes on the

pediments surrounding the ranges average only a few

degrees.

The mountain ranges in the Silver Bell area are drained

by networks of dry gullies and ravines with steep gradients.
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These drainages coalesce outward from the central parts of

the ranges into progressively wider and lower-gradient dry

washes. On Landsat images, the washes define a distinctive

radial pattern on a circular pediment apron approximately
40 km in diameter. In detail, the washes have a braided,

subparallel pattern and are incised into the pediment sur-

face, which is an older, distinctly iron-oxide-stained feature.

The weathering processes at Silver Bell, typical of south-

western deserts, are mainly mechanical rather than chemi-

cal in nature. Soil profiles are poorly developed or absent,

and caliche zones are commonly present within soil hori-

zons. Weathered rock materials are slowly moved downhill

by rock falls, by slumping, and by debris flows during heavy

rains. The detrital material in arroyos and washes is pro-
vided by rapid runoff and erosion of materials into the

higher tributary gullies during heavy winter rains and tor-

rential summer thunderstorms. During the brief periods of
flash flooding, the major washes may carry sand, silt, and
entrained boulders as much as several kilometers from the

source areas.

C. Cultural and Land Use Patterns

The Silver Bell test site is a sparsely populated area used

mainly for mining and cattle grazing. Roads are few and

far apart, and the only town within the test site area is Sil-

ver Bell, a small ASARCO housing settlement of several

hundred people. The central part of the Avra Valley to the

north and east of the test site is irrigated and cultivated for

cotton and other crops.

The largest man-made features within the test site are

the pits, dumps, and tailings in the central part of the dis-

trict. These features cover approximately 5 percent of the

total area of the test site. A prominent feature used as a

reference point in the image interpretation is ASARCO's

paved haulage road along the west side of the two open

pits. The haul road shows up clearly as the hook-shaped

line connecting the El Tiro Pit with the concentrator adja-

cent to the Oxide Pit (Figure 4-2).

Other cultural features visible in the area include a gas

pipeline and pumping station east of the Silver Bell
Mountains. Also, a U.S. Air Force Titan missile silo is visi-

ble as a rectangular white scar just south of the ASARCO

tailings pond.

D. Geologic History

1. Stratigraphic evolution. The oldest rocks exposed

within the Silver Bell test site are Precambrian granite and

diabase found north of the Ragged Top Fault and in the
Waterman Mountains (Table 4-2; Figures 4-3 and 4-4). The

Precambrian granite is overlain unconformably by younger

Precambrian Apache Group conglomerate and quartzite,

Age

Tertiary Recent

Oligocenc- Miocene

Crelaceous- Paleocene

Mesozoic

Paleozoic

Precambrian

Table 4-2. StraUgraphic section, Silver Bell

Unit Lithology

Sediments

Andesite, basalt

Ragged Top stock
Andesite. latite dikes

Monzonite

Granodiorite

Mr. Lord Formation

Silver Bell Formation

Dacite porphyry
Claflin Ranch Formalion

Alaskitc

Village red beds
Arkose

Scherrer Formation

Naco Limestone

E.scabrosa Limestone

Martin Limestone

Abrigo Limestone

Bolsa Quartzite

Apache Group

Oracle Granite

Diabasc

Pinal Schist

Pediment gravels, alluvium

Flows

Quartz. latite

Monzonite, syenodiorite stocks, plugs, dikes

Granodiorite, andesite stocks, plugs, dikes

Quartz latite tufts

Andcsite flows, breccias, tufts, conglomerates

Sill (?)

Flows, luffs, volcanoclastics

Quartz monzonite stock

Amole equivalent

Quartzite

Quartzite, conglomerate
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Figure 4-3. Silver Bell geologic map (complied by D. Brown from Texas, gull mapping, unpublished; ASARCO mapping, unpublished; and

vadous published maps). Indicated cross sections appear In Figure 4-4.

which are exposed only in a narrow strip north of the
Ragged Top Fault.

limited to isolated fault blocks or pendants within Lara-
mide intrusives.

The Precambrian rocks are overlain by a shallow marine

sequence of Paleozoic deposits with an original composite
thickness in excess of 1300 m. The Paleozoic section, from

oldest to youngest, consists of the Bolsa Quartzite and Abrigo
Limestone (Cambrian), Martin Limestone (Devonian),

Escabrosa Limestone (Mississippian), Naco Limestone
(Pennsylvanian), and a series of unnamed Permian lime-

stone, shale, and quartzite. The most complete Paleozoic
sections are preserved in the thrust sheets of the Waterman

Mountains; exposures elsewhere are incomplete sections

The Paleozoic formations are overlain by a sequence of

Mesozoic clastic deposits formed in a continental environ-
ment. Outcrops of the Mesozoic rocks are restricted mainly

to the low-lying area between the Silver Bell fault zone

and the Waterman Mountains. The exact age of the elas-

tics is unknown, but they may include rocks of Triassic age
as well as local equivalents of the Cretaceous Bisbee Group.

Their lithology is quite heterogeneous and includes red beds,

conglomerates, arkoses, quartzites, limestones, and interca-
lated volcanics.
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Figure 4-4. Simplifiedgeologiccross sections

Sometime following deposition of the Mesozoic clastics,

but prior to the onset of Laramide volcanism, a Cretaceous

stock of alaskite was emplaced into the North Silver Bell

area. Following the emplacement of the elongate alaskite

stock, the Silver Bell area was subjected to intense struc-

tural deformation and rapid vertical uplift in early Lara-

mide time. During this period, coarse conglomerates, tufts,
and flows of the Claflin Ranch Formation were deposited
on a surface of considerable relief.

The beginning of significant Laramide igneous activity

was marked by the intrusion of a large dacite porphyry

mass which moved up along the Silver Bell fault zone and

spread laterally eastward as a sill. The dacite probably

evolved as an explosive, fluidized mass which made room

for itself by forcing its way between a Paleozoic/Mesozoic
floor and a Claflin Ranch roof(Watson, 1964).

of Silver Bell.See Figure 4-3 for linesof sections.

Laramide volcanic activity continued with the deposi-

tion of a thick pile of andesitic flows, flow breccias, and

lahars known as the Silver Bell complex. This unit makes

up a large portion of the Silver Bell and West Silver Bell

Mountains. Eruption of the Silver Bell andesites was closely

followed by the extrusion of the Mt. Lord Formation, a

sequence of predominantly rhyodacitic ash-flow tufts that
presently form much of the higher elevations of the central

and northern Silver Bell Mountains. Nearly contempora-
neous with the Silver Bell andesites and Mt. Lord tufts were

several stocks of granodiorite porphyry and northeast-

trending andesitic dikes.

The culmination of Laramide activity began about 65

million years ago with the intrusion of syenodiorite por-

phyry dikes along east to northeast-trending tensional

fractures emanating eastward from the main Silver Bell
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structural zone. Shortly following syenodiorite emplace-

ment, monzonite porphyry invaded the main Silver Bell
structural zone, forming irregular stocklike bodies and

sending dike swarms northeastward along the same ten-

sional fractures occupied by the earlier syenodiorite
(Watson, 1964).

Following the main period of hydrothermal alteration

and copper mineralization in latest Laramide time, a long

period of relative quiescence ensued during early Tertiary

time. Igneous activity was renewed in Oligocene-Miocene
time, with the intrusion of andesite and quartz latite dikes

and the Ragged Top latite stock. Miocene-age flows of
andesite, latite, and basalt were extruded at about the same

time, possibly fed by some of the andesite and latite
intrusions.

The youngest deposits in the Silver Bell area are uncon-
solidated to semiconsolidated alluvial deposits of Upper

Tertiary to Recent Age. These surficial deposits were formed

during erosion of the region following Basin and Range

uplift in late Tertiary time.

2. Structural evolution. As depicted by Richard and

Courtright (1966) (Figure 4-5), the structure of the Silver

Bell area prior to the onset of Laramide igneous activity

consisted of four subparallel blocks separated by three major

west-northwest faults. These faults are designated, from

north to south, the Ragged Top Fault, the Silver Bell fault
zone, and the Waterman Fault. The area between the Rag-

ged Top and Silver Bell Faults is designated the Silver Bell

structural block, which encompasses the main part of the
Silver Bell Mountains.

The Silver Bell Fault exerted a major influence on the

emplacement of Laramide monzonite porphyry intrusives

and associated porphyry copper deposits. The original trace

of" the fault zone is marked by the elongation of monzonite
stocks and by the trcnd of the main Silver Bell alteration
zone, which strikes west-northwest for two-thirds of its

length on the south, then swings nearly north-south near
its northern end. The northeast side of the fault zone is

marked by a line of elongate, garnetized Paleozoic screens

with straight, northwest-trending margins. The intrusion of

monzonite porphyry along the Silver Bell structural zone

may have caused doming in the area, creating a north-
east tilt of 20 ° to 40 ° to the Silver Bcll structural block

(Watson, 1964).

East of the Silver Bell fault zone, the northeast-tilted

volcanic and sedimentary units are cut by numerous trans-

verse structures (Figure 4-6) striking north-northeast and

east-west, at nearly right angles to the Silver Bell fault zone.
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Figure 4-5. Pre-Laramide regional sbucture

(Richard and Courtright, 1966)

These transverse structures are believed to have developed

as tensional openings during doming and tilting of the
Silver Bell structural block (Watson, 1964). The transverse

structures include high-angle faults and swarms of por-

phyritic dikes. Two of the major transverse faults are the
Barite and Mount Mammoth Faults, east of the El Tiro

Pit. These two subparallel faults strike north-northeast for

a distance of roughly 3 km, transecting the entire Silver Bell

Mountains. A third major transverse structure is the Oxide

fault zone, a diffuse zone of monzonite and syenodiorite

porphyry dikes striking eastward out of the Oxide deposit
for a distance of approximately 2 km.

Other transverse faults of northeast to east-west trend

are also present in the Waterman Mountains and in the
West Silver Bell Mountains. The north end of the West Sil-

ver Bell Mountains is transected by an apparent westward

extension of the Ragged Top Fault, which juxtaposes Pre-
cambrian granite to the north against Laramide volcanic
rocks on the south (Banks and Dockter, 1976). The south-

east end of the West Silver Bell Mountains is bounded by

a straight, northeast-trending feature that appears to be a
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possible left-lateral fault, based on apparent offset of the

volcanic stratigraphy between the Silver Bell and West Sil-

ver Bell Mountains (D. M. Brown-Texasgulfcompany data).
This transverse fault is not exposed, but its existence is

supported by aeromagnetic data and by the very straight,

northeast alignment of Mammoth Wash along its trend. A
third transverse fault of east-west trend has been inter-

preted in the central part of the West Silver Bell Moun-

tains from magnetic and resistivity data (D. M. Brown-

Texasgulf company data).

The structure of the Waterman Mountains block con-

sists of a northwest-trending recumbent fold plunging to

the southeast (McClymonds, 1959). This fold structure has

been broken by several northwest-trending high-angle thrust
or reverse faults. The main northwest structure is the

Waterman Fault, a reverse fault which forms a high ridge

with a prominent escarpment along the northeast side of

the range. The Waterman Fault places upper Paleozoic

carbonate rocks on the southwest against Mesozoic elastic

rocks within a topographically low area to the northeast.

The central and western parts of the Waterman Moun-

tains are formed by a triangular wedge of lower Paleozoic

sediments resting on local inliers of Precambrian granite

(McClymonds, 1959). The wedge is faulted against upper
Paleozoic rocks on the northeast by a northwest-trending

high-angle structure subparallel to the Waterman Fault.

The northwest faults and folds in the Waterman Moun-

tains are displaced by a younger set of northeast to east

northeast strike-slip faults. The largest fault of this system
is an inferred east--northeast strike-slip zone south of the

central portion of the range (McClymonds, 1959).

3. Emplacemenl of mineral deposits. According to Wat-

son (1964), three separate periods of mineralization are
evident in the Silver Bell area:

(I) An early, minor period of lead-copper mineraliza-

tion spatially associated with the granodiorite

porphyry.
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(2) The major period of Laramide porphyry copper

mineralization along the Silver Bell structural zone.

(3) A final period of mid-Tertiary (?) lead-copper

mineralization in epithermal vein systems of north-
east trend.

Lead-zinc-silver replacement deposits at the Indiana

Mine in the northern Waterman Mountains may be correl-

ative with the Tertiary mineralization in the Silver Bell

Mountains (McClymonds, 1959). Small copper- and zinc-

bearing skarns in the West Silver Bell Mountains are prob-

ably the same age as the Laramide porphyry copper deposits,

based on their association with similar monzonite por-

phyry intrusives (D. M. Brown-Texasgulf company data).

The porphyry copper deposits in the Silver Bell District

were formed about 65 million years ago, in close spatial
association with the monzonite intrusives in the Silver Bell

structural zone (Watson, 1964). The majority of copper
mineralization occurs within the limits of the main altera-

tion zone, a narrow, somewhat arcuate band of pervasive

quartz-sericite alteration and discontinuous garnetized
limestone bodies. This alteration zone extends the entire

length of the side of the Silver Bell Mountains over an

exposed distance of approximately 12 km.

Two small porphyry copper deposits were formed along

the main alteration zone-the El Tiro deposit on the north

and the Oxide deposit on the southeast. Both of these

deposits are elliptical in plan view, with horizontal dimen-

sions of approximately 2500 by 2000 m. The deposits appear
to be controlled by the intersection of the main alteration

zone with northeast-trending dike swarms.

Sulfide mineralization occurs throughout the length of

the main alteration zone along systems of tensional frac-

tures and mineralized veins, which generally strike at right
angles to the main zone (Richard and Courtright, 1966).

The predominant orientation of the mineralized veins is
northeast to east-northeast, with a minor north-northwest

set, except in the Oxide deposit, where the north-north-

west vein set is locally the dominant trend (Galey, 1979).

The spacing of fractures appears to be much closer within

the limits of the two main porphyry deposits, reflecting the
influence of crosscutting structures.

Primary pyrite and chalcopyrite were deposited along the

closely spaced parallel fissures to form sheets of near-verti-

cal veinlets. Individual veinlets typically consist of quartz

and sulfides, varying in thickness from paper thin to sev-

eral centimeters and in spacing from several centimeters to

a meter (Richard and Courtright, 1966). The primary frac-

ture-controlled mineralization in the igneous rocks of the

main alteration zones was accompanied by the formation
of tactite mineralization in the Paleozoic limestones. The

strongest development of tactites occurred just north of the

E1 Tiro deposit, near the old Atlas Mine, and on the east

side of the El Tiro deposit, near the old Union and Mam-
moth Mines. The average grade of these garnet-diopside-

chalcopyrite tactites is about 0.7 to 0.8 percent copper.

Uplift and erosion of the Silver Bell area in early to mid-

dle Tertiary time produced extensive leaching and super-

gene oxidation of the primary mineralization (Loghry, 1972).

As a result of this leaching, supergene chalcocite blankets

were formed over the El Tiro and Oxide deposits and in

the North Silver Bell area. The original protore grades of

0.2 to 0.4 percent copper were enriched to 0.7 to 0.8 per-

cent copper within the chalcocite blankets. The oxidation

process converted the upper portion of the main alteration

zone to an extensive leached cap, consisting of clays, seri-
cite, iron oxides, and copper carbonates and silicates.

4. Hydrothermal alteration patterns. Published descrip-

tions of hydrothermal alteration at Silver Bell have been

written by Kerr ( 195 I) and Richard and Courtright (1966).

Kerr's work included a microscopic study of alteration

products in the four major intrusive rock types. Some of

the important alteration products identified in his study
include kaolinite, montmorillonite, illite, sericite, chlorite,

alunite, jarosite, and quartz. Kerr divided the intrusive types

into four alteration stages, representing a paragenetic

sequence from fresh (Stage 1) through sericitic and silici-

fled (Stage 4).

Richard and Courtright illustrate the general outline of
the main alteration zone and describe its relation to dis-

seminated copper mineralization (Figure 4-7). They also
show the distribution of tactite alteration within the main

zone of alteration.

Neither Kerr nor Richard and Courtright describe alter-

ation patterns in terms of classic zoning models, nor do

they mention the existence of potassic alteration associated

with ore mineralization. The only published references to

alteration zoning at Silver Bell are by Lowell and Guilbert

(1970) and Graybeal (1982). Lowell and Guilbert tabu-

lated data on 27 major porphyries, where they describe four

separate zones: (1) an innermost potassic zone (quartz,
K-feldspar, and sericite), (2) an inner phyllic zone (quartz,

sericite, and tactite), (3) an intermediate argillic zone (quartz,

sericite, kaolinite, and tactite), and (4)an outer propylitic
zone (chlorite, calcite, sericite, and montmorillonite).

Graybeal's description of the El Tiro area includes a map

of alteration zoning that depicts potassic, phyilic, propylit-
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ic and skarn assemblages in a 4- by 6-kin area around the
El Tiro Pit.

An unpublished alteration map of the Silver Bell Dis-

trict was supplied by ASARCO to aid in our interpretation

of aircraft images. ASARCO's map separates the main

alteration zone into phyllic and potassic zones. The map

also divides the outlying propylitic alteration zone into four

subtypes, depending on the relative abundances of epi-
dote, chlorite, and calcite (Figure 4-8).

On the ASARCO map, potassic alteration occurs as two

centrally located, narrow bands near the E1 Tiro and Oxide

deposits. Phyllic alteration occurs symmetrically on either

side of the two central potassic zones. The two phyllic zones

merge east of the Oxide Pit into a single narrow band near
the east end of the main alteration zone. (Presumably, the

distribution of phyllic and potassic alteration on ASARCO's

map is based at least partly on drill hole data since potassic

alteration is often difficult to recognize on the surface.)

The four propylitic subzones collectively define two

symmetrical and parallel bands on either side of the cen-

tral phyllic/potassic zone. The propylitic alteration is shown

to extend an average of 600 m northeast and 900 m south-

west of the phyllic zones. Chlorite is most strongly devel-

oped within a central band on the southwest side of the
main alteration zone. Epidote is distributed widely

throughout the propylitic zone, while vein calcite generally

occurs only on the outermost fringes.

5. Discovery and development history. Mining opera-

tions at Silver Bell date back to 1863 when high-grade cop-

per deposits were discovered in tactites at or near the surface

near the present-day El Tiro Pit. Between 1865 and 1930,
approximately 50,000 tons of copper were recovered from

underground mines, principally the Union and Mammoth
Mines (Kerr, 1951). Around 1909, the disseminated copper

possibilities in the igneous rocks were recognized and a

churn-drilling program resulted in the partial delineation
of the Oxide and El Tiro ore bodies (Richard and Court-
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fight, 1966). However, the grade of the disseminated deposits

was too low to mine at that time. Underground mining

continued on the tactite deposits until 1930, when mining

operations were suspended at the start of the Depression.

ASARCO began an extensive mapping program at Sil-

ver Bell in the early 1940s. A churn-drilling program was

begun in 1948 on the El Tiro and Oxide deposits. Drilling

was largely guided by the interpretation of surface altera-

tion and the study of limonites (hematite, goethite, and

jarosite) in leached cappings overlying chaicocite ore. Fol-

lowing the completion of surface drilling, a decision was

made to put the two disseminated deposits into produc-

tion. Production began in 1954, with an initial capacity of

7500 tons of ore per day. Current milling operations pro-

cess approximately 15,000 tons of ore per day.

The combined reserves of the Oxide and El Tiro depos-

its are estimated to be 100 million tons (Lowell and Guil-

bert, 1970). Total production through 1976 was 35 million

tons of ore from the Oxide Pit and 38 million tons from the

El Tiro Pit (estimated from March 1976 ASARCO mine

handout data). Approximately 85 percent of present pro-

duction is from enriched chalcocite ore and 15 percent is

from tactite ore. Approximately 10 tons of copper is

recovered daily from oxide-leaching operations.
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Recent exploration in the district has centered around
the North Silver Bell area, where ASARCO has drilled out
an area of discontinuous chalcocite enrichment beneath

highly leached and sericitized outcrops of dacite porphyry.

A portion of this mineralization extends westward into the
area of the old Atlas Mine, currently owned by the BS&K

Mining Company. Union Oil Company did exploratory

drilling on the BS&K property in the mid-1970s and inter-
sected chalcocite mineralization in some of their holes.

In operation, several measurements are taken of the same

unit in the field over a 10- by 10-m area. These measure-

ments can then be averaged to obtain a reflectance curve

representative of a particular material. One of the main

benefits of such a procedure over laboratory spectral mea-

surements is that soils, dead vegetation, rubble, etc., more

representative of the naturally occurring surface and of what

is viewed by an aircraft or satellite scanner, are included in
the field of view of the PFRS.

Exploration has been conducted recently by various

mining companies in outlying parts of the test site area,

including the West Silver Bell Mountains and the eastern

Silver Bell Mountains. In spite of the failure of these efforts

to locate significant new porphyry deposits, the exploration

potential of the region remains relatively high. This con-

clusion is based mainly on the significant amounts of allu-

vial and Tertiary volcanic cover in the surrounding area

and on the strategic location of the area on a belt of por-

phyry deposits stretching southeastward into northern
Sonora (the so-called Cananea Silver Bell structure). The

Silver Bell fault zone and its neighboring structures, the

Waterman and Ragged Top Faults, appear to be subparal-

lel links in this postulated Laramide-age structural zone.

Extension of the major northwestern structures beyond

their presently known limits in the Silver Bell and Water-

man Mountains is entirely feasible, based on existing geo-

physical and geological data. With continued exploration,

it is very likely that additional porphyry deposits will be

found along the buried continuation of the Silver Bell zone

or related northwestern structures, such as the Ragged Top
Fault.

III. Discussion of PFRS Data

In addition, the continuous PFRS curves provide a data

base for simulating various scanner instruments by com-

puting appropriate bandpass intervals. Using modeled

scanners, various statistical analyses can be performed on
this data set to examine separability of various rock units.

Examples of these analyses are discussed in Paragraph IV.

B. Spectral Measurements

PFRS measurements were acquired at Silver Bell for

eighteen different rock types (Figure 4-9; sample sites are

indicated by numbers beginning with "5"). Laboratory X-

ray diffraction analyses were done on samples for some of

the rocks to determine their mineralogy (Table 4-3). The

average reflectance spectra and one standard deviation

envelopes are shown in Figures 4-10 through 4-13.

The first four spectra (Figure 4-10) are of dacite, both
unaltered and altered. The unaltercd dacite spcctrum (Fig-

ure 4-10a) has moderate albedo; a pronounced absorption

band near 2.2 ttm; a weak, broad band near 0.9 _tm; and a

falloff in reflectance from 0.6 _m toward the ultraviolet.

The 2.2-#m feature is an AI-O H vibrational feature (Hunt

and Ashley, 1979), due here to the presence of minor
kaolinite and mica. The other two features are attributable

to electronic transitions in ferric iron (Hunt et al., 1971).

A. Introduction

In situ spectral reflectance measurements can provide

valuable information linking mineralogy, spectral response,

and multispectral scanner data. Measurement of spectral

reflectance was done using JPL's Portable Field Reflec-

tance Spectrometer (PFRS), described in the Technical

Appendix, Section 14. The PFRS records a continuous bi-

directional reflectance spectrum in the 0.45 to 2.45-/zm

wavelength region of a 200-cm 2 area on the ground. By

sequentially measuring the reflectance of a white standard

target, then ratioing the two curves, a relative reflectance

curve is obtained. Further processing in the laboratory by

computer then converts the rclativc reflectance to absolute
reflectance, based on laboratory measurements of the white
standard.

The spectrum of propylitically altered dacite (Figure
4-10b) is similar to the unaltered dacite with a few differ-

ences; the ultraviolet falloff in reflectance is stronger; the

2.2-/tin absorption band is deeper: and there is an addi-

tional absorption band near 2.33 ttm. The first two features

are probably due to increased concentrations of fcrric iron

and kaolinite compared to thc unaltered rock. The 2.33-_tm

band is due to the presencc of chlorite, a common propy-

litic mineral resulting from alteration of biotite and other
marie minerals. Thc band is caused by vibrational pro-

ccsses in the Mg O-H bonds in the chlorite structure (Hunt

and Salisbury, 1970).

The spectrum of phyllicatly altered dacite (Figure 4-10c)
has the typical overall appearance of intensely altered

igneous rocks: high reflectance at 1.6 #m, with large
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Figure 4-9. Location of sample sites for PFRS data acquisition and mineralogical analyses

decreases toward both shorter and longer wavelengths (Hunt

and Ashley, 1979). In detail, ferric-iron absorption features

are prominently displayed below 0.6 #m and at 0.65 and
0.9 /zm. The intense absorption band at 2.2 ttm is due to

fine-grained mica (sericite). The characteristic alteration

minerals of the phyllic zone are quartz, sericite, and iron

oxide/hydroxide. Spectral features of this unit reflect this

mineralogical composition. The spectrum of potassically

altered dacite (Figure 4-10d) is similar to phyllically altered
dacite, but with lower albcdo. At Silver Bell, the potassic

zone has been overprinted by phyllic alteration; in reality,
this unit is more properly called potassic/phyllic. The min-

erals that characterize potassic alteration (K-feldspar and

quartz) have no characteristic absorption features in this

spectral region; the spectrum is dominated by features due

to the phyllic alteration mineral assemblage.

The spectra of alaskite show similar behavior compared

to the dacite spectra. Propylitically altered alaskite (Figure

4-1 la) has absorption bands due to ferric iron. The 2.33-

gm band is absent because the development of chlorite in

sic/propylitic (Figure 4-II b), potassic (Figure 4-llc), and

phyllic (Figure 4-lid) -show the effects of overprinting by

phyllic alteration. The development of iron oxides from

oxidation of pyrite and marie minerals produces the strong

absorption bands at 0.65, 0.9, and short of 0.6 #m. The

strong band at 2.2 _m is due to development of sericite and
kaolinite from alteration of feldspars.

The spectrum of potassically altered monzonite (Figure

4-12a) again shows absorption bands characteristic of phyllic

Table 4-3. Mineralogy from X-ray analyses

Dacite Quartz, albite, kaolinite, mica, biotite

Dacite, propylitic Quartz,

Dacite, phyllic Quartz,

Monzonilc, phyllic Quartz,

G ranodiodtc Quartz,

Mt. Lard Quartz,

Claflin Ranch Quartz.

Sih, cr Bell Quartz.

l.imcstone Calcite,

andesine, mica, kaolinite, chlorite

albite, mica, goethite

sanidine, mica, biotite, goethite

sanidine, montmorillonite, goethite

albite, biotite, kaolinite

albite, mica, kaolinite, goelhite

andesine, hematile

gocthite, quartz

this unit is weak. Thc other three alaskite spectra potas- Red beds Quartz, albite, hematite, kaolinilc
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overprinting. The propylitically altered monzonite (Figure
4-12b) has reduced albedo, weak iron-oxide bands, a weak

2.2-_m band from kaolinite, and a possible subtle 2.33-/_m

Mg-O-H band from chlorite.

The unaltered Mt. Lord spectrum (Figure 4-12d) has low
overall albedo and shows only a falloff toward the ultravi-

olet from ferric iron. The phyllically altered Mt. Lord (Fig-

ure 4-12e) shows strong, well-developed absorption bands

from ferric iron and sericite/kaolinite at 0.65, 0.9, and 2.2

/_m. The 0.9-/_m band is deeper than that shown by either

phyllically altered dacite or alaskite, suggesting a larger
concentration of ferric minerals.

The spectrum of Ctaflin Ranch (Figure 4-13a) has weak

absorption bands from ferric iron and clays and appears to

be weakly altered. The spectra of Silver Bell mudflow (Fig-
ure 4-13b) and basalt (Figure 4-13c) are similar: low albedo

overall and weak iron-absorption bands.

The limestone spectrum (Figure 4-t3d) is dominated by
the presence of an intense absorption band, near 2.35 _m,

due to vibrational processes of the carbonate radical (Hunt

and Salisbury, 1971). Weak iron-absorption bands indicate

the presence of ferric minerals in the limestone.

The spectrum of red beds (Figure 4-13e) shows low albedo

but very well-developed ferric-iron bands at 0.65 and 0.9
_m due to hematite. Weak bands at 2.2 and 2.35 t_m are

due to minor amounts of clay and chlorite, respectively.

The falloff in reflectance from 1.0 _m toward longer wave-

length is typical of dark, highly pigmented sedimentary rocks

(Conel et al., 1978).

A summary of the absorption bands seen in the 18 spec-
tra is shown in Table 4-4. The bands are attributable to

ferric iron, hydroxyl ion, and carbonate ion processes. Other

than features caused by these constituents, albedo is the

only characteristic of the spectra which allows them to be

differentiated by visual inspection. The four Landsat

wavelength bands are in the 0.5- to l.l-_m region and are

quite broad. Iron oxides and albedo are the main features

that will influence the appearance of rocks on the Landsat
data. The M2S scanner has narrower bands in the same

wavelength region; this should allow possible separation of

iron oxides. The NS-001 Thematic Mapper Simulator has

bands beyond 1.0 #m, including one centered near 2.2 _m.
Data from this sensor should allow discrimination of

hydroxyl- and carbonate-bearing materials and should

provide better discrimination of altered rocks based on their

high albedo at 1.6 _m.

Table 4-4. Absorption bands in PFRS spectra

Rock Type

Absorption Band,/Lm _

0.4 0.65 0.9 2.2 2.33 2.35

Dacite M W M

Dacite, propylitic S M W

Dacite, phyllic S M S S

Dacite, pota_ic S M S S

Alaskite, propylitic S W

Alaskite, potassic/'propylitic S W M S

Alaskite, potassic S W W M

Alaskite, phyllic S M M M

Monzonite, pota_sic S M S S

Monzonite, propylitic S W M
Granodiorite S M W M

Mt. Lord S

Mt. l.ord phyllic S S S

Claflin Ranch M M M

Silver Bell mudflow M W

Basalt M W

Limestone M W S

Red beds S M M W W

"W weak

M moderate

S strong

IV. Sensor Simulations Using PFRS Data

One use of the field spectral reflectance data is to extract

wavelength regions corresponding to various scanners and
examine how well these simulated instruments can sepa-

rate various rock types. This analysis does not consider many

other factors which affect the signal recorded by an actual

scanner instrument. Such factors as atmospheric contribu-

tions, effects of field of view on pixel mixing, instrument

response parameters, etc., will also influence a particular

instrument's ability to separate various materials. Here only

position and width of spectral bands as related to the spec-

tral separability of rocks sampled at Silver Bell are ques-
tioned. Similar studies have examined separability of

plutonic rocks (Biota et al., 1980) and rocks associated with

sedimentary uranium deposits (Conel et al., 1980).

In this section, some tests performed using 135 PFRS

spectra obtained for 18 rock or alteration types are described.

The procedure used was either to obtain the actual instru-

ment filter curves or to approximate the curves with a step
function, then to convolve each curve with the PFRS data

to obtain a weighted value representing the spectral

response.

For this analysis, wavelength regions of five instruments
were used. The number and wavelength intervals of the
channels are shown in Table 4-5. The sensors are Landsat

MSS, M2S I l-channel scanner, Landsat 4 Thematic Map-
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Table 4-5. Sensor simulation bands

Landsat MSS M2S I 1-Channel Land_t 4 NS-001 Idealized

4 channels 10 channels 6 channels 7 channels 30 channels _

0.5-0.6 btm
0.6-0,7

0.7-0.8

0.8- 1,1

0.33 0.44 p.m 0.45 0.52/tm 0.45- 0.52 ttm 0.475-0.525/tin
0,44-0.48 0.52 0.60 0.52-0.60 0.525 0.575

0.49-0.54 0.63 0.69 0.63-0.69 0.575 0.625

0.54--0.58 0.76-0.90 0.76-0.90 *

0.58-0.62 1.00-1.30 °

0.62-0.66 1.55-1.75 1.55 1.75 °

0.66-0.70 2.08 2.35 2.08-2.35 2A25-2,475

0,70-0.74

0.76 -0.86

0.97- 1.065

a30 equally spaced channels of O.O5-#m width between 0.475 and 2.475 ,am.

per, NS-001 Thematic Mapper Simulator scanner, and an

imaginary instrument with 30 equally spaced bands of

0.05-_m width between 0.5 and 2.45/tin, Four analyses were

performed for each of the five sensor simulations, examin-

ing different groups of rocks. Group A consisted of tbur

types of altered alaskite, Group B consisted of four types

of altered and unaltered dacite, Group C consisted of 11

types of altered and unaltered igneous rock, and Group D

included all 18 types of rock sampled with the PFRS (Table

4-6).

Analysis was done using a procedure called stepwise lin-

ear diseriminant function analysis. The aim of discrimi-

nant function analysis is to find a set of functions of selected

variates (wavelength bands) allowing classification of spec-

tral observations into one of a designated number ofpopu-

lations. In practice, the available (observable) set of

discriminant variates may be restricted in number, and the

objective may then be to determine how well separation of

specified groups is achieved using these restricted variate

sets.

The stepwise discriminant analysis program BMD07M

of the BMD Biomedical Computer Program Series (Dixon,

1974) was used for analyses reported here. This program

has been described in detail by Jennrich (1977). The fol-

lowing discussion is from Conel et al. (1978).

Basically, a stepwise discriminant analysis is a sequence

of simple analyses that moves from one analysis to the next

by adding or deleting classification variables from the lin-

ear discriminant functions. The selection of variables at each

Table 4.6. Rock-type groups

A B C D

Alaskite, potttssic Dacite, potassic

Alaskite, potassic/ Dacite, phyllic
propylitic Dacite, propylitic

Alaskite phyllic Dacite, unaltered

Alaskite. propylitic

Monzonite, potable

Alaskite, potassic

Alaskite, potassic/
propylitic

Alaskite, phyUic

Monzonite, propylitic
Alaskite, propylitic

Dacitc, potas,sic

Dacite, phyllic

Dacite, propylitic
I)acite

Granodiorite

Monzonite, potassic

Mr. Lord, phyllic
Limestone

Alaskite, potassic

Alaskite, pota_sic/'
propylitic

Alaskite, phyllic
Red beds

Monzonite, propylitic

Alaskite, propylitic
Dacite, potassic

Dacite, phyllic
Dacite, propylitic
I)acite

Gran,Miorite

Cla flin Ranch

Mr. Lord

Basalt

Silver Bell
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step is controlled to maximize the ratio of the between-group

dispersion to the within-group dispersion. The output of

the analysis produces the following data:

(1) Group classification function coefficients; these are

linear functions used for classifying cases into groups.

(2) Posterior probabilities that case x in Group G came

from Group H.

(3) A classification matrix giving the number of cases

n_;, in Group G whose Group H posterior probabil-

ity was greatest; these "truth tables" are useful for

displaying the success of the classification.

(4) Canonical discriminant functions; these are linear
functions that define coordinate transformations

providing maximum separation of groups relative to

the scatter within groups. These may also be referred
to as canonical variates.

For each of the 20 analyses performed, the classification

matrix, classification accuracy, and order of input of bands

is presented in Figures 4-14 through 4-17. A summary of
classification accuracies is shown in Table 4-7.

Overall, Landsat's four wavelength bands were the least

adequate in terms of classification accuracy and ability to

separate rock types in each group. Accuracy was higher for

Groups A and B with few groups, and lower for Groups C
and D with more groups. At the opposite extreme, a theo-

retical scanner having 30 bands in the 0.5- to 2.45-_m region

would be ablc to separate all the rock types almost per-

fectly, at least from a statistical point of view.

Examination of the analyses of the Landsat 4 Thematic

Mapper and NS-001 sensors reveals that, in every case, the
1.65- and 2.2-p,m bands are the first two selected (hence the

most important). This is a result of the presence at Silver

Bell of altered rocks with high hydrous mineral content.

The 1.6/2.2-_Lm ratio is fairly diagnostic of the presence of

these types of rocks in the absence of vegetation. Addition

of the 1.15-_ttm band found on the NS-001 scanner com-

pared to Landsat 4 generally provided only marginal

improvement in classification accuracy. For Groups C and
D, the I. 15-/_m band was the last or next to last to be entered,

implying that this wavelength region does not contain sig-

nificant intbrmation for separating the rock types exam-
ined here.

A significant result emerges upon cxamination of the

Group D test using Landsat 4 and the 30 AX variable sets

(Figure 4-17). The first five bands selected from the 30

equally spaced variables are 1.60, 2.15, 0.50, 0.55, and 0.70

jttm; the order of selection of the Landsat 4 bands is 1.65,

Table 4-7. Summary of classification accuracies for 20 analyses,

percent correct

Sensor Alaskite (A) Dadte (B) Igneous (C) All (D)

Landsat MSS 81 93 64 65

M2S 1 l-channel 91 97 89 90

Landsat 4 97 90 89 83

NS-001 97 93 91 89

30 equal 100 100 100 98

2.22, 0.48, 0.56, and 0.66 _m. The coincidence of these two

selections is remarkable. It implies that given a choice of

any 0.05-/zm wide bands in the 0.45- to 2.45-_m region, the

optimal spectral regions for separating the rock types sam-
pled at Silver Bell are those of the Landsat 4 scanner. This

is a completely unpredictable result with significance for

the capabilities of Landsat 4 to provide data useful for cer-

tain geologic applications.

The accuracies for the Group D analyses indicate a phe-

nomenon that is perhaps an artifact in this analysis: accu-

racy increases with the number of bands. Separation can

always be achieved statistically given sufficient variables.
This was not examined from a theoretical basis, but should

be in the future.

V. M2S Image Spectra

A multispectral scanner records data that are propor-
tional to scene radiance. Radiance, in turn, is a function of

a material's reflectance, instrument response, field of view,

atmosphcric effects, etc. If all of the terms could be mod-

eled or measured, it would be possible to use a scanner as

a radiometer, extracting the scene reflectance term. Values
of reflectance could then be used to infer mineralogical

composition based on reflectance and absorption charac-
teristics in the wavelength bands measured by the scanner.

The following paragraphs describe various empirical

approaches to determinc scene reflectance using the M_'S
I I-channel data and the NS-001 data.

In an attempt to produce image spectral reflectance curves,

the August 18, 1977 M-'S l l-channel data were examined.

Areas representing 15 different rock typcs at Silver Bell were

selected from the image (Table 4-8). Each area contained

about 400 pixels. The average digital number (DN) values
and standard deviations for the 15 areas wcrc computed
from the raw data for each of the 10 visible and near-

infrared spectral bands (Table 4-9). These data were plot-

ted and appear as the dashed curves in Figure 4-18. The
most obvious feature of the curves is that they bear no

resemblance to real spectral reflectance curves (compare to
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Figure 4-14. Results of linear discriminant function analysis for alaskites: classification matrix, percent correct classilicaUen, and order of band

selection are shown
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4-24



LANDSAT MSS

A B C D E F G H I J K

A 6

B

C 1

D !

E

F

G

H 2

I

J

K

4

2 4

1 1

1

1 1 1

1

4

6

5

1 4

2

1 1

64%

4

1

5 l

1 6 1

1 5

6
4
7
5

M2S 11-CHANNEL

A B C D E F G H I J K

A 8

B

C

D

E

F

G

H 1

I

J

K

lJ 1
1

7 1

2 6

8

7

6

I 5

89%

7 1

7 1

8

1.03
0.52
0.81
0.72
0.64
0.56

J

0.60
0.46

l 0.68
+ OTHERS

A

B

C

D

E

F

G

H

I

J

K

LANDSAT 4 TM

A B C D E F G H I J K

8 1 1 .65
2.22

7 1 0.48

7 1 0.66
0.56

8 0.83

8

8

6 1

6

7 1

6 2

I 7

89%

A

B

C

D

E

F

G

H I

I

J

K

NS....001

A B C D E F G H I J K

8 I I I .65
2.22

8 0.48

6 1 1 0.66
0.56

8 1.15

8 O.83

8

7

I

91%

6

7 1

7 1

7

30 _X

A B C D E F G H I J K

A 10 1.65
2.15

B 8 0.50

C 8 1.25
2.35

D 8 0.55

E 8 0.70
0.60

F 8 I .05

G 7 2.05
+ OTHERS

H 7
i i =

I 8

J 8

K 8

100%

A MONZONITE - POTASSIC

g ALASKITE - POTASSIC

C ALASKITE - POTASSIC/PROPYLITIC

D ALASKITE - PHYLLIC

E MONZONITE - PROPYLITIC

F ALASKITE - PROPYLITIC

G DACITE - POTASSIC

H DACITE - PHYLLIC

I DACITE - PROPYLITIC

J DACITE- UNALTERED

K GRANODIORITE
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Unit Image Specu

I Silver Bell 1 1.33

2 Silver Bell 2 1.46

3 Basalt 1,71

4 Dacite I 1.55

5 Dacite 2 1.45

6 Ragged Top 0.97

7 Mt. Lord 1,58

8 Claflin Ranch 1,21

9 Granodiorite 1.46

10 Alaskitc 1.09

11 Monzonite 1.11

12 Limestone 1.24

13 Red beds 1.0
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Table 4-8. Rock types from MaS data

1. Ragged Top 6. Limestone 11. Alaskite
2. Granodiorite 7. Precambrian 12. Monzonite

3. Basalt 8. Silver Bell I 13. Mt. Lord 1

4. Red beds 9. Dacite, propylitic 14. Mr. Lord 2

5. Dacite, phyllic 10. Claflin Ranch 15. Silver Bell 2

PFRS curves, Figures 4-10 through 4-13). This is because

the raw DN values represent radiance values recorded by

the sensors, with instrument gain factors, atmospheric scat-

tering, and solar irradiance terms convolved in a compli-

cated fashion. In theory, it is possible to determine or model

all of these terms and then apply corrections to the raw

data to extract reflectance values. A far easier method is

eithcr (!) to use ground spectral reflectance measurements

for calibration values and then compute the relative reflec-

tance values from the raw DN values, or (2) to assume that

the shape of the curve for one rock type is known and use

that for calibration. The latter technique was used by

assuming that the basalt reflectance curve is flat in the 10

channels of data. This is a fairly good approximation since

actual reflectance curves of unvegetated, fresh basalt are

mostly flat and featureless, except for a slight decrease in

reflectance below 0.6 _m.

A major reason for attempting this calibration is to sim-

ulate a real situation when remote sensing data are acquired

over an area where no field spectral measurements exist. If

it is known that a particular rock type outcrops in the area,

and the reflectance properties of this rock type can be

approximated, there is a fair possibility of being able to

calibrate the data by this method. In theory any recogniz-

able rock would sufficc, but recognition is a key factor. Basalt

has fairly constant properties, as do water and a few other

materials,

It was assumed, therefore, that the DN values for basalt

(unit 3) represented the same reflectance values for each

channel. The basalt DN value for a given channel was

divided into the values for the other 14 rock types, and

their relative reflectances determined. A list of values is

found in Table 4-10. These values are plotted in Figure

4-19.

The overall impression is that these curves look more or

less like actual reflectance measurements. There is a gen-

eral decrease in relative reflectance toward shorter wave-

lengths, which is characteristic of almost all naturally

occurring rocks. The spike in channel 7 seen in all of the

curves appears to be artificial. Some problems are to be

expected since one data point is being used to estimate two

parameters. Grossly simplified, reflectance is proportional

to observed radiance with an offset term:

Reflectance _: aRad + b

where a and b are constants, incorporating all multiplica-

tive factors and all additive factors. These include instru-

ment gains and offsets, atmospheric path radiance terms

(both multiplicative and additive), etc. (For a complete

discussion of the problem of reflectance versus instrument

response, refer to the Lisbon Valley, Utah, Uranium Test

Site Report, Section 8, Appendix A.)

Probably the two most prominent spectral features are

thc dips in rcflectance at 0.55 and 0.8 #m. These are the

Rock

Group

Table 4-9. Raw DN values and standard deviations from MZS data

Channel

I 2 3 4 5 6 7 8 9 IO

[ 194,7 201,11 141,8 111,7 107.7 [ 13,8 117,9 139,9 157,10 180,12

2 170,3 173,4 125,3 100,3 93,3 953 94,4 113,3 124,3 131,4

3 133,2 125,2 88,2 69,1 (',4,2 66,2 63,2 83,2 91,3 91,3

4 145,3 137,4 95,3 74,2 73,2 78,3 79,3 101,3 I I1,4 123,4

5 166,5 171,8 123,6 100,6 98,6 104.7 108,8 132,9 142,9 159.8
6 162,8 166,11 119,8 95,7 88,7 90,7 90,8 114,8 129,9 142,10

7 161,2 151,2 103,1 82,1 83,1 90,2 92,2 114,2 125,2 136,3

8 170,4 172,5 123.3 98,2 91,2 93,2 92,2 111,2 121,3 127.4

9 168,3 174,5 126,4 102,3 95,3 98,3 98,4 121,4 135,4 145,4

10 170,6 175,9 126,7 102,6 97,6 101.6 101,7 123.6 136,5 147,4

I 1 152,4 153,6 111,4 91,4 89,4 94,5 95,6 117,5 132,5 143,6
12 152.3 156,5 115,4 95,3 90,3 93,3 96,3 116,3 131,4 139,4

13 151.6 149,9 105.7 85.6 82.7 87.9 89,10 113.11 127,11 137,13

14 163,2 160,3 113,3 90,3 85,3 89,4 90,5 110,5 121,6 124,6

15 171,6 173,8 122,5 96,4 9(I,4 92,5 92,6 113,6 125,7 130,8

4 -27



32

24

16

32

24

_<
b

8

i--

32
&

O 24

0
z B

32

b
_' 24

16

32

24

16

1 2 34 5 6 78 9 10

_ I sll ] i I ] I i I

- " ' RAGGEDTOP/ .-

: ",,//
_ j" ""

I I I 1 I I I

RED BEDS

I t 1 L I I L

LIMO NITIC PRECAMBRIAN

I 1 1 t I I I

CLAFLIN RANCH

i I I I I I I

M2S BAND CENTERS

I 2 345678 9 10

I L i I I I I I I I

GRANODIORITE

I I I i I i i

_"_ DACITE, PHY_,//

\,/ ,,

_s p_

I I I 1 L [ l

SILVER BELL 1

I I I I I I I

ALASKITE

jj_t

i f i I I I 1

2345678 9

I I I I I I I I I

BASALT

lO

I_ 200

160

%%

_- 120

,"'"_ .... - 80

I I L I I i I-
- 200

LIMESTONE

\% - 120

ii l--J' : so

] I [ i I L I-
- 200

DACITE, PROPYLITIC

"" "_ _..16o

"\./ I _ 12o

.... ' ---80

I I I I I I 1-

- 200
MONZONITE

_i_ ,L_ 120160

I t 1 I I ] I--

SILVER BELL 2 __ 200

_-il _ 160

I L I I I I I-
0.4 0.6 0.8 1.0

MT. LORD I

\\

_pp --

I i I I i I b
0.4 0.6 0.8 1.0

MT. LORD 2

i l I I I I I
0.4 0.6 0.8 1.0

WAVELENGTH, /zm

120

8O

Figure 4-18. Image spectra from M2S 11-channel data for 15 rock lypes al Sliver Bell. Dashed curves are raw DN values. Solid curves am
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Table 4-10. M_S relative reflectance normalized to basalt

Rock Channel

Group I 2 3 4 5 6 7 8 9 10

1 1.46 1.61 1.60 1.61 1.67 1.71 1.81 1.67 1.73 1.98

2 1.28 1.18 1.42 1.45 1.45 1.43 1.47 1.36 1,36 1,42

3 1.0 1.0 1.0 1.0 1.0 l,O 1.0 1.0 1.0 1.0

4 1.09 1.10 L08 1.07 1.14 1.18 1.23 1.22 1.22 1.37

5 1.25 1.37 1.40 1.46 1.53 1.57 1.69 1.59 1.56 1.73

6 1.22 1.33 1.35 1.38 1.38 136 1.41 1.36 1,42 1.56

7 1.21 1.21 1.17 1.19 1.30 1,36 1.44 1.36 1.37 1.49

8 1.28 1.38 1.40 1.41 1.42 1.41 1.44 1.34 1.33 1.38

9 1.26 1.39 1.43 1.48 1.48 1.48 1.53 1.46 1.48 1.59

10 1.28 1.4l 1.43 1.48 1.52 1.53 1.58 1.48 1.49 1.62

11 1.t4 1.22 1.26 1.32 1.39 1.42 1.48 1.41 1.45 1.57

12 1.15 1.25 1.31 1.38 1.41 1.41 1.48 1.40 1.44 1.54

13 1.13 1.19 1.20 1.23 1,28 1.32 1.37 1.36 1.40 1.51

14 1.23 1.28 1.28 1.30 1.33 135 1.41 1.32 1.33 1.36

15 1.29 1.38 1.39 1.39 1.39 1.39 1.44 1.36 1,37 1.43

locations of iron-oxide absorption bands. They are best

developed in curves 4 and 7, which are red beds and limo-

nitic Precambrian rocks. The shapes of the rest of the curves

are fairly similar, the major difference being albedo. This

is not surprising since the 0.4- to 1.0-/_m region is not very

useful for rock-type discrimination compared to the region

beyond 1.0 >m due to the absence of major absorption bands

other than those produced by iron.

This technique seems to provide an adequate means for

calibrating aircraft scanner data (and presumably satellite

data) when no ground spectral measurements are avail-

able. All that is required is recognition of a rock type in the

image for which a spectral curve can be confidently

estimated.

A more rigorous approach to calibration is to use field

spectral measurements as the reference curve. PFRS data

for basalt at Silver Bell were used to normalize data for the

other rock types. The average PFRS reflectance curve for

basalt was examined to determine the relative reflectance

values for the 10 channels of the M2S. These values appear

in Table 4-11, with the DN values determined from the

digital M2S tape data. The basalt PFRS reflectance value

was divided by its DN value t'or cach channel to determine

a scaling factor to apply to the remainder of the image data.

The DN values (Table 4-9) were multiplied by the appro-

priate channel scaling factor to arrive at relative reflec-

tance values for the other 14 units (Table 4-12). These values

are plotted against channel number and wavelength and

appear in Figure 4-18 as solid curves.

The shapes of all of the curves are quite similar: there is

a falloff in reflectance toward short wavelengths, and three

absorption bands are present-one at 0.8 t_m, a major one

at 0.45 ttm, and a suggestion of a band at 0.65 t_m. These

features can all be attributed to the presence of iron oxides

in the rocks. These curves are quite similar to those obtained

by the PFRS. Differences can be attributcd to problems in

sampling-the PFRS data are madc up of 10 spectra per 8-

by 8-m site, the M2S "spectra" are 5- by 5- to 10- by 10-

pixel areas which sample 40- by 40- to 80- by 80-m areas.

Overall, these curves indicate that this calibration method

provides an excellent empirical approach to converting

sensor radiance measurements to relative reflectance val-

ues, thus compensating for the contribution of atmospheric

scattering, instrument response, etc., without actually

knowing or modeling these terms.

Vl. Calibration of NS-O01 Data

Multispectral scanner data, which are a function of the

gain factor of the instrument, the transmittance of the

atmosphere, the surface reflectance, direct solar illumina-

tion, skylight illumination, radiance contributed by atmo-

spheric scattering, radiance contributed by surface outside

the IFOV, and instrument offset values (Slater, 1980), are

recorded onboard a sensor platform in terms of radiance.

In gencral, image processing algorithms are designed to

maximize relative differences between surface units and

operate on the DN values recorded by the instrument.

Judging by the many successful applications, this approach

is both pragmatic and useful. However, there are several

areas where recovery of the surface reflectance component

is desired for various analyses. A few of these are reported

in later paragraphs.
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Table4-11.SilverBellbasalt:PFRSaveragecu_e=

Channel Reflectance (A), DN (B) A/B%

1 8 133 0.06

2 8 125 0.064

3 9 88 0.10

4 10 69 0.145

5 12 64 0.188

6 14 65 0.215

7 15 64 0234

8 17 83 0.20

9 17 91 0.187

10 19 91 0.209

M2S 1 I-channel reflectance from PFRS data (estimated at channel

midpoint)

Table 4-13. NS-001 DN values versus percentage reflectance

(PFRS)

Channel DN (R) a R (R)" DN (M) c R (M) d m _ b ¢

I 49.9 6.5 69.6 I 1.7 0.26 -6.6

2 48.6 8.4 87.2 16.8 0.22 -2.2

3 66.3 14.0 109.0 23,9 0.23 - 1.4

4 67.8 18.1 96.0 26.7 0,31 -2.6

5 76.0 21.8 133,8 35.8 0.24 3.4

6 75,8 19.0 179.7 44.0 0,24 0.7

7 88,0 17.9 126,3 30.2 0.32 -10.3

aDN values of red beds.

hReflectance of red beds.

_DN values of monzonite.

dReflectance of monzonite,

eR = mDN + b.

There are many different ways to approach the problem
of extracting reflectance from the radiance data. Most
methods involve estimation or measurement of the atmo-

spheric terms (see Rogers and Peacock, 1973, Ross, 1973,

and Turner et al., 1975, for examples). An empirical

approach was used here. Reflectance measurements obtained

by the PFRS in the field for red beds and monzonite units

at Silver Bell provided calibration points. Areas were iden-

tified on the images corresponding to those measured on
the ground. The DN values for each channel were extracted

from the image data for these areas, and plots of PFRS
reflectance versus DN values were constructed. Table 4-13

lists the values used and the slope and intercept of the lines

relating reflectance to DN:

R, = m,DN, + b_

where R, is the reflectance of the ith channel, DN, is the
DN value from the NS-001 data, and m and b are con-

stants. The straight line approximations (Figure 4-20) assume
that reflectance is a linear function of measured radiance

(DN). This method lumps all the atmospheric and instru-

ment terms into a multiplicative and an additive correction

term. Although this is an unsophisticated approach, results

using this technique indicate that it is fairly accurate. Its
ease of implementation further recommends its use for

general applications.

VII. NS-001 Image Spectra

The calibrated NS-001 data were used to create image

spectra for 13 rock units. Areas were identified on the image

based on the geologic map. A 5- by 5-pixel area was

Rock

(;roup

Table 4-12. M2S reflectance values normalized to PFRS basalt spectrum

1 2 3 4 5

I 12 13 14 16 20

2 I(1 11 12 15 17

3 8 8 9 10 12

4 9 9 9 II 14

5 10 11 12 15 18

6 10 II 12 14 17

7 10 10 10 12 16

8 10 II 12 14 17

9 10 I1 13 15 18

10 11 11 17 15 18

11 9 1(1 11 13 17

12 9 10 11 14 17

13 9 10 11 12 15

14 10 10 11 13 16

15 II I1 12 14 17

Channel

6 7 8 9 10

24 27 28 29 37

20 22 23 23 27

14 15 17 17 19

17 18 20 21 26

22 25 26 27 33

19 21 23 24 30

19 22 23 23 28

2(1 22 22 23 27

21 23 24 25 30

22 24 25 25 30

20 22 23 25 30

20 22 23 25 30

19 21 23 24 29

19 21 22 23 26

20 22 23 24 27
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extracted, and the average DN value was calculated for
each of the 13 areas. The units extracted were Silver Bell 1

and 2 formations, basalt, dacite 1and 2, Ragged Top latite,

Mt. Lord, Claflin Ranch, granodiorite, alaskite, monzonite,
limestone, and red beds.

The DN values vcrsus the seven wavelength interval

points are shown in Figure 4-21. As a result of the calibra-

tion procedure, DN values are proportional to reflectance.
Both DN and reflectance scales are plotted along the

y-axis.

The lowest reflectance is shown by basalt, reaching a value

of 15 percent at 1.15 _m. The curve shows an apparent

absorption band at 0.83 /_m. This feature is absent from

the other curves. Laboratory spectra of rock samples from

Silver Bell often displayed this iron absorption band. It
appears that some miscalibration of band 4 (0.83 ttm) exists

and values are too high.

The curve for red beds (unit 13) shows the most pro-
nounced falloff in reflectance toward the short wave-

lengths. This is consistent with its high iron content, which

results in the major absorption in the ultraviolet, the wing

of which is seen in the blue and green wavelength regions.

The curve for dacite 1 (unit 4) shows a very strong falloff
in the 2.2-_tm band. The area from which this value was

extracted is mapped as intense phyllic alteration, with the

highest percentage composition of sericite and kaolinite of

all the areas sampled. It also shows a very sharp falloff

toward the ultraviolet, a result of the high iron-oxide con-

tent produced from oxidation of sulfide minerals.

If we calculate the 1.6/2.2-_m ratio for the 13 samples

and compare them to the ratio calculated from the PFRS

data, a further calibration problem seems to be indicated
(Table 4-14). Based on ratios obtained from laboratory or

field spectra, it appears that the values for 1.6 btm are too

high, or those for 2.2/tm are too low. There are several

possible explanations for this discrepancy. PFRS data were

acquired for 8- by 8-m areas on the ground, and the image

data represent 60- by 60- to 100- by 100-m areas; the image

data include shadows and some vegetation. Thus, directly

comparing the two is only as valid as the sampling schemes
involved.

Direct comparison of the image spectra with PFRS spec-

tra shows the relative accuracy of this technique. Figure

4-22 presents the spectra of limestone and altered dacite.
The shapes of the PFRS and image spectra are quite simi-

lar; PFRS absorption bands are seen in the image spectra

as lower reflectances in the corresponding wavelength

regions. The differences in albedo of the two pairs of curves

suggest the effects of sampling problems mentioned previ-
ously. However, the close similarities of the two types of

spectral data indicate that this method produces image

spectra which are faithful approximations of measured,
continuous reflectance data.

This analysis leads to two general conclusions: (I) cali-

bration procedures are extremely difficult to implement to
achieve accurate reflectance values; and (2) the relative

reflectances obtained, however, generally show the major

spectral features and are valuable for relative comparisons
of materials.

VIII. Image Analysis and Interpretation

A. Color Aerial Photographs

The color aerial photographs of Silver Bell are average

in general quality and color contrast. Their main use in
this study was to identify roads, pits, dumps, and topo-

graphic forms as an aid in registering the location of scan-
ner features (Figure 4-23).

The overall separation of rock types and structures in

the photographs is poor, although the resolution of details,

such as vegetation, is very good. The photographs display

five or six different tones of brown, red, and gray, corre-
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Table 4-14. 1.6/2.2-_m image spectra and PFRS ratios

Unit Image Spectra Ratio PFRS Ratio

I Silver Bell 1 1.33 1.17

2 Silver Bell 2 1.46
3 Basalt 1.71 1.22

4 Dacite I 1.55 1.49

5 Dacite 2 1,45 1.25

6 Ragged Top 0.97
7 Mr. Lord 1.58 1.41

8 Claflin Ranch 1.21 1.2I

9 Granodiorite 1.46 1.23

10 Alaskite 1.09 1.07

11 Monzonite 1.11 1.12

12 Limestone 1.24 I_0

13 Red beds 1.0 1.0

sponding to gross variations in lithology. The Silver Bell

andesite and most Tertiary volcanic outcrops appear as dark

gray- to maroon-colored regions. The Mt. Lord lgnimbrite,

dacite porphyry, monzonite, and various clastic sedimen-

tary units all have similar brown to reddish-brown tones.

Paleozoic limestones show up as quite distinctive, high-

relief areas with a light gray color. Some of the north-

trending quartz latite dikes in the Silver Bell Mountains

are also easily recognizable because of their grayish color
and etched, rib-like erosional forms.

The main Silver Bell alteration zone is barely distin-

guishable from unaltered rocks as a faint pink-tinged area.

Other altered areas, such as the granodiorite porphyry stock

northwest of Ragged Top Peak, appear as bleached, light-
toned areas distinctive from the main zone alteration.

B. Radar Data

The Seasat (L-band) and Goodyear aircraft (X-band)

systems are designed to enhance structural features through

the detection of variations in surface roughness, topogra-

phy, and surface moisture content (Blom and Elachi, 1981).

Both the aircraft and Seasat radar data for Silver Bell are

disappointing in their information content. Some of the

major regional structures are visible on both low- and high-

altitude radar images, but many of the lineaments inter-

preted from the images show little or no correlation with

mapped structures.

On the aircraft radar (Figure 4-24), portions of the Rag-

ged Top Fault, the subparallel Mt. Mammoth and Barite

Faults, and some of the major faults in the Waterman

Mountains are visible. A few indistinct lineaments east of
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Figure 4-22. Comparison of PFRS spectra and NS-001 calibrated image spectra for limestone and altered dacite
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Figure 4-23. Color aerial photograph of Silver Bell area. Photograph obtained simultaneously with NS-001 data overflight.

the Oxide Pit appear to correlate with elements of the main

Silver Bell Fault/alteration zone. The remainder of the main
zone northwest of the Oxide Pit is obscured in dark shad-

ows, caused by steep pit and dump walls.

The dominant trends of lineaments on the aircraft radar

are west-northwest and north northeast, parallel to the

Ragged Top Silver Bell and Barite- Mt. Mammoth fault
systems, respectively. Northeast lineaments, corresponding

to the porphyry dike swarms and transverse t_lults, are rare

and when present do not usually correlate well with known

structures. Look direction and polarization appear to make

little difference in the quality of the aircraft radar images:

all four of the different images examined appear to be very
similar in nature.

Because of the lower resolution, fewer structural fea-

tures are evident on the Seasat image (Figure 4-25), and

those present correlate with major, district-scale structures

(Figure 4-26). The main features visible in the Silver Bell
District are northeast- and northwest-trending lineaments.

A faint portion of the west- northwest Silver Bell structural

zone is apparent just cast of the Oxide Pit area. The trans-
verse, northeast-trending structures in the West Silver Bell

Mountains are quite obvious. The northeast-trending Mr.

Mammoth and Barite Faults show up clearly as a single

line extending across the entire Silver Bell Mountains.

C. Landsat MSS Images

The low spatial resolution of Landsat muhispectral data

(80 m) makes the discrimination of many rock types and

structures difticult or impossible. The most easily recogniz-
able features are iron-oxide-rich alteration areas and red

bed sedimentary rocks. By producing a color ratio compos-
ite (CRC) of the Landsat data, the presence of iron oxides
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Figure4-24.X-bandaircraftradarimageofSilverBellarea(acquiredwithNASAGoodyearSystem)

can be highlighted (Rowan et al., 1974). One example is

shown in Figure 4-27, a portion of a kandsat scene acquired

in June 1977. This composite was created by displaying

band-ratios 4/5, 5/6, and 6/7 as bh, e, green, and red,

respectively. No atmospheric correction factors were applied
to the daca prior to ra(ioing. Areas having iron oxides on

the surface are displayed in shades o1" red and orange
(Figure 4-28).

Alteration within the main Silver Bell structural zone

shows up as several reddish-orange patches, corresponding
to the mos! highly Jron-oxJde-staJned areas (oxidation of

pyrite to limonites). The North Silver Bell alteration is clearly
visible north of the El Tiro Pit. Slightly smaller segments
of main zone alteration are also visible northwest and east

of the Oxide Pit. A dispersed, purple-colored zone north of

the Oxide Pit corresponds to iron-rich Mt. Lord Formation

in the topographically, high and vegetated area near Silver
Bell Peak.

The Ragged l"op fault zone is highlighted on the Land-
sat CRC by a northwest-elongate, teardrop-shaped area of

reddish Precambrian granite and Apache Group sedi-

ments, located southeast of Ragged Top Peak. A very faint
reddish line marks the trace of alteration ahmg the fault

northwest of Ragged Top Peak.

Other reddish areas of apparent iron-oxide concentra-

tions are visible: _1) in g_e range of voJcanJc hills norlheasl

of Ragged Top Peak: (2) in the eastern part of the West
Silver Bell Mountains; and (3) along Waterman Pass, south

of the Waterman Mountains. The first area may be caused

by Precambrian granite on the low-lying pediment north-

east of Ragged Top (Brown, unpublished mapping). The
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second area corresponds to Mr. Lord welded tufts with sec-

ondary iron oxides on weathered outcrops from oxidation

of ferromagnesian minerals. The third area appears to be

caused by a combination of Mesozoic sedimentary red beds

and Laramide quartz latite volcanics (Banks and Dockter,

1976; Brown, unpublished mapping). The volcanic and

sediment rocks have small amounts of disseminated pyrite

and are spatially associated with several small mineral

prospects shown on the topographic map.

Lineaments present on the Landsat CRC images are

accentuated by the growth of vegetation along relatively

straight washes. The east-northeast faults inferred from

geophysics in the West Silver Bell Mountains are clearly

defined by two subparallel lineaments. A prominent east-
northeast lineament at the south end of the Silver Bell

Mountains is caused by the straight alignment of Cocio

Wash, a major drainage feature near the ASARCO railings

pond. The Cocio Wash lineament does not correspond to

any known geologic structure, but its trend does parallel a

subtle east-northeast edge in the low-altitude aeromagne-

tics, suggesting control by some unrecognized major fault.

Some of the known faults in the district appear to be
more regional in extent on Landsat than they are indicated

on geologic maps. The north-trending Barite and Mt.

Mammoth Faults are visible on the Landsat images as two

indistinct lineaments, extending southward across the entire

range of the Silver Bell Mountains into the Waterman

Mountains. Northward, the Mt. Mammoth Fault appears
to bend north-northwest and extend for a considerable

distance onto the pediment slope beyond the Silver Bell
Mountains. On the March Landsat frame, the Ragged Top

Fault appears taintly to extend through the West Silver

Bell Mountains, and possibly under the Aguirre Valley, to
the south end of the Slate Mountains, 15 km to the west.

The smaller-scale structures of the Silver Bell area,

including the dike swarms, are not visible on Landsat images

due to their low spatial resolution. Very few of the numer-

ous high-angle faults in the district can be discerned, except

where their presence is accentuated by development of iron

oxides, such as ahmg the Ragged Top Fault and the Oxide

fault zone, or by vegetation along washes.

The Landsat data for Silver Bell were also processed by

principal components (PC) transformation and the data

displayed as several contrast-enhanced color composite

images at a scale of 1: 125,000. The three principal compo-

nent images examined contain very little useful geological
information and are degraded relative to the untrans-

formed Landsat images. The hydrothermally altered areas

that are visible on Landsat CRCs are virtually indistin-

guishable from surrounding iron-oxide-rich pediments on
the PC transformations. The main effect of the processing

is to enhance the differences among various soil and allu-

vium types in the pediment areas and valleys. Because PC

transformations operate on all the data input to the algo-

rithm, spatially large areas will dominate the statistics and
force selection of axes to maximize the variance of those

areas. Small, albeit spcctrally different areas will not be

accounted for and probably not separated on the PC images.

In this example, alluvial and agricultural areas comprise

over 80 percent of the scene, so the axes will be selected to
maximRe the variance of these units.

D. M2S 11-Channel Scanner Aircraft Images

Data from the August 1977 M2S 11-channel scanner flight

(see Figure 4-29 for areal coverage) were used to produce a

color ratio composite simulating the product described in

the previous section about Landsat. Specifically, Landsat
ratios 4/5, 5/6, 6/7 were approximated using M2S ratios

0.56/0.63 /,m, 0.63/0.72/*m, and 0.72/0.81 gm + 1.03 _m

(Table 4-15). The center wavelengths of these bands are
similar to the Landsat bands, but the bands are narrower.

Landsat band 7 was approximated by averaging two M2S

bands. The color composite was produced by displaying

the three above ratios in blue, green, and red, respectively

(Figure 4-30). The scanner data were processed to remove

gross geometric distortions introduced by the aircraft

velocity/scanning rate asynchrony. No further attempt was

made to improve the geometric accuracy by rubber-sheet

stretching. In addition, no atmospheric correction factors

were applied to the data prior to ratioing.

On the 1 I-channel image of Silver Bell, pediments with

dispersed iron oxides appear yellowish-orange, vegetation
is blue, dumps are white to yellowish-white, and iron-oxide-

rich outcrops arc red to orange. In general, the spectral

data are comparable to Landsat, with some increase in rock

type discrimination due to higher spatial resolution and
narrower band widths.

Areas rich in iron oxides are displayed vividly and accu-

rately by the ratioing process. However, zones of hydro-
thermal alteration cannot be discriminated from nonaltered

iron-rich areas, due to the lack of spectral reflectance data

beyond 1.05 t_m (Figure 4-31 ).

Iron oxides within the main Silver Bell alteration zone

are displayed as deep red areas adjacent to the El Tiro and

Oxide Pits. The North Silver Bell area is especially obvious

as an elongate red zone coincident with overlapping phyl-

lic and potassic alteration. The southeastern portion of the

Silver Bell alteration zone also shows up as an elongate,

bright red band just southeast of the Oxide Pit.
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Figure 4-27. Landsal color ratio composite. Band-ratios 4/5, 5/6, and 6/7 are displayed as blue, green, and red, respectively. Area covered

is 40 by 40 km (scene no. 2873-17010, June 13, 1977).
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Other prominent reddish patterns coincide with out-

crops of Mesozoic red beds, southwest of the Oxide Pit,
and with Precambrian sediments and granite along the

eastern portion of the Ragged Top fault zone. Several red

patches in the Waterman Mountains are probably caused

by exposures of Mesozoic red beds and Laramide quartz
latite, but these areas were not field checked. Irregular areas

of red coloration are scattered widely throughout the expo-
sures of Mt. Lord ashflow tufts in the Silver Bell and West

Silver Bell Mountains. These red areas are probably caused

by weathering and oxidation of ferromagnesian minerals,
and locally by weak hydrothermal alteration•

The presence of moderately heavy vegetation in higher
elevations (which appears in blue) such as the Silver Bell
Peak area and the Waterman Mountains, hampers the sep-

aration of lithologies. In the lower, less-vegetated areas,

anywhere from five to seven different lithologic units may
be identified•

Outcrops of Tertiary basalt and Laramide Mt. Lord

lgnimbrite are similar in appearance, showing up as laven-

der- to magenta-colored areas, grading locally into deep
red. The Laramide granodiorite stock west of Ragged Top

Peak is clearly delineated as a C-shaped area with a very
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Table 4-15. M2S 11 -channel bands

Channel Wavelength, #m

I 0.33 0.44

2 0.44 0.48

3 0.49-0.54

4 0.54 0.58

5 (I.58 O.62

6 0.62 0.66

7 0.66-0.70

8 0.70 0.74

9 0.76-0.86

10 0.97 1.065

I 1 8.05- 13.7

pale lavender color, Separation of the granodiorite on the

I 1-channel image is probably facilitated by the presence of

weak hydrothermal alteration, causing a slight increase in

overall reflectance and a reduced density of vegetation

growth (evident in Figure 4-23).

The Ragged Top latite intrusive shows up as a deep blue

vegetated area, surrounded by a green-colored talus apron,

which conceals the contacts of the latite with adjacent rocks.

The large, low-lying area of Sih, er Bell Formation south-

west of Ragged Top can be separated on the basis of a

mottled, lavender and blue pattern, resulting from moder-

ate iron oxides combined with the concentration of plant

growth along fine networks of arroyos.

Propylitically altered dacite porphyry and Claflin Ranch

Formation both have a greenish-brown to olive-drab

coloration evident in outcrops to the northeast of the El

Tiro Pit. This color pattern could possibly be due to two

factors related to the propylitic alteration: (1) a slight

increase in reflectance, and (2) slight steepening of the

shoulder in the spectral curve between 0.5 and 0.9/tin,

resulting in increased green and red components from the

appropriate ratio.

Figure 4-30. M2S 11-channel color ratio composite, Ratios were chosen to simulate Landsat composite.
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PITS AND DUMPS

Most Tertiary volcanics in the test site area show up

on the 1 l-channel image as nondiagnostic pink- to violet-

colored areas. An exception is the andesite/latite flows in

the pediment area north of Ragged Top Peak. These flows

have a distinctive yellowish-white appearance, indicating a

relatively fiat reflectance response compared to other vol-
canic rocks in the area. The nature of these light-toned rocks

was not investigated during this study.
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E. NS-001 Aircraft Images

The NS-001 Thematic Mapper Simulator scanner data

(see Figure 4-29 for areal coverage) are by far the most

useful data for rock-type and alteration discrimination of

the different imaging systems examined for Silver Bell.

The relatively high content of geological information on

the NS-001 images can be largely attributed to the inclu-

sion of spectral reflectance data in the clay absorption region
near 2.2/,m.

The NS-001 data (Table 4-16) for Silver Bell were pro-

cessed into a number of displays, including a color ratio

composite, six different images produced by canonical

transformation of the spectral data based on linear dis-

criminant analysis of the PFRS data, principal compo-

nents transformation, and supervised classification thematic

maps. The six transformed images correspond to six differ-
ent axial rotations performed on various combinations of

the 18 rock-type groups of PFRS data. In addition to the

various CRC images, a density-slice image was also pro-
duced by color coding the 1.6/2.2-tzm ratio.

The uncalibrated CRC image provides discrimination of

most of the various rock types in the test site area. Some of

the transformed images calibrated with PFRS data enable

a further subdivision of certain rock types, caused by dif-

fering degrees of hydrothermal alteration. Two of the

transformed images appear to have the highest visual

information content, based on comparisons with the sup-

port geological data.

I. Standard color ratio composite image (uncalibrated).

Figure 4-32 was prepared by using green, blue, and red til-

ters for band-ratios 0.66,/0.56 #m, 0.83/'1.15 #m, and 1.6/

2.2 /_tn_, respectively. The scanncr data were processed to

remove the gross geometric distortions due to the aircraft

velocity/scan rate asynchrony. Examination of the individ-

ual bands indicated the presence of a brightness gradient
in the scene perpendicular to the flight track. This gradient

was characterized by computing a one-line average of the

entire picture, smoothing the resulting curve, replicating

Table 4-16. Wavelength bands ot NS-001 scanner

Channel Wavelength,/_m

[ (I.45 (I.52

2 0.52 0.6()

3 0.63 0.69

4 0.76 0.90

5 I.(X) 1.30

6 1.55 1.75

7 2.08 2.35

8 10.4 12.5

the curve to the same number of lines as in the original

data, then adjusting the scene values according to this gra-

dient "picture." No atmospheric corrections were applied

to the data prior to creation of band ratios.

The effect of the ratioing process is to enhance iron-oxide-

rich areas in green, due to the presence of the Fe +_ absorp-

tion band short of 0.56 tzm, and clay-rich areas in red, due

to the hydrous minerals absorption band near 2.2/zm. Areas

of hydrothermal alteration, with mixtures of clay, sericite,

and limonite, show up as orange to yellow areas, due to the

combination of red and green color components.

The processed NS-001 CRC image of Silver Bell is a
brightly colored print with a great deal of color contrast

among the various rock/alteration types. Approximately

20 to 25 different lithologic units are separable on the image,

depending on the boundaries assigned by the individual

interpreter (Figure 4-33). This compares with approxi-

mately 5 to 6 separate units on the color aerial photo-

graphs and 9 to 10 separate units on the 1 l-channel image.

a. tlydrothermal alteration. The ratio combination used

in producing the CRC results in a stark contrast between

the dark-toned unaltered rocks, in shades of blue and green,

and hydrothermally altered rocks, in bright yellow to orange.

The main Silver Bell alteration zone is vividly outlined as a

yellowish-orange band, almost perfectly coincident with the

limits of hydrothermal alteration outlined by Richard and

Courtright (1966) and with the boundary of the phyllic/

potassic alteration zones on ASARCO's alteration map. No

discrimination can be made between phyllic and potassic

alteration because both appear as yellowish-orange areas.

Peripheral alteration, corresponding mainly to propylitic

and/or argillic alteration, is visible in numerous outcrops

of Mt. Lord ignimbrite, monzonite, and dacite porphyry,

on either side of the main alteration zone. The peripheral
alteration arcas arc yellowish-green to yellowish-brown

patches with mottled or dispersed patterns and often vague,

poorly defined boundaries. These features probably reflect

the dispersed, nonpervasivc distribution of clay minerals
and the gradational transition into fresh rocks.

Evidence of hydrothermal alteration is visible near the

Ragged Top Fault in two areas: (1) reddish-orange out-

crops of Precambrian granite north of the lhuh, and (2) a

small, semicircular area of yellow to orange hue in grano-
diorite porphyry south of the thult. The latter area is caused

by a zone of clays, limonite, and copper oxides around a

small prospect tested by' several drill holes (Brown, unpub-
lished mapping).
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Figure 4-32. NS-001 colorratio composite. Ratios0.66/0.56/zm, 0.83/1.15 pm, 1.6/2.2 pmare displayedasgreen,blue, and red, respectively.

Small, dispersed zones of apparent alteration can also be
seen in the Mt. Lord and ('laflin Ranch Formations in the

West Silver Bell Mountains. and in Precambrian granite in
the Waterman Mountains. None of these areas were field

checked during this study. Some of the yellowish areas in
the West Silver Bell Mountains correlate with weak argil-

lie-type alteration on the surthcc (Brown, unpublished

mapping).

h. Igneous rocl,s. In general, the most mafic igneous rocks

show up on the NS-001 ratio as dark blue to green, inter-
mediate rocks as medium to light blue, and the most felsic

rocks as pink to cyan. Fresh Silver Bell andesite is easily

discriminated as deep indigo blue areas, apparently pro-

duced by the lack of hydrous minerals and relatively fiat

spectral curve. Exposures of M t. l,ord Ignimbrite typically'
exhibit a turquoise-blue color, with deep shadows due to

the rugged relief formed by the ignimbrites. The Mt. Lord

Ignimbrite can be confused locally with fresh dacite por-
phyry, which it resembles petrographically, and in a few

instances with Tertiary basalt. The relatively dark, bluish

tint of the fresh dacite porphyry and Mr. Lord lgnimbrite

is somewhat anomalous, considering their average quartz

latitic composition. This is apparently due to the dense,
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welded character of the two units and their tendency to

weather into very dark, heavily iron-oxide-stained talus

fragments due to the presence of small amounts of pyrite

and magnetite.

Exposures of relatively fresh monzonite porphyry and

alaskite are visible west of the ASARCO haulage road. The

alaskite stock is displayed as a pale bluish area west of the

El Tiro Pit, while the monzonite porphyry stock northwest

of the Oxide Pit has a pale cyan color. The pale blue to

pink shades probably result from small amounts of highly

dispersed clays, produced by weathering or weak hydro-
thermal alteration.

The flow-banded quartz latite plugs near the south end
of the West Silver Bell Mountains resemble the fresh mon-

zonite, but are separable on the basis of their very pale lav-

ender to white color, indicating a high silica content and

presence of very small amounts of clays. The Ragged Top

latite intrusive falls compositionally in the same category

as the monzonite porphyry; where not obscured by deep

shadows, the latite has a pale lavender-brown coloration.

Precambrian granite is generally displayed as yellowish-

green to yellowish-orange areas north of the Ragged Top

Fault and in the Waterman Mountains. The appearance of

the Precambrian granite suggests that it is an inherently

altered unit containing clays and limonite. This alteration

could be a result of three effects: weathering, hydro-

thermal alteration, and metamorphism.

c. Sedimentary rocks. Consolidated sedimentary rocks rich

in iron oxide show up as dark green regions on the NS-001
image, due to the effect of the Fe -_ absorption band in the
ultraviolet. The Mesozoic red beds west of the Silver Bell

Mountains and the Precambrian Apache Group sedimen-

tary rocks southeast of Ragged Top Peak are both green

on the image, reflecting their high iron-oxide and low clay
content.

Paleozoic limcstone units generally appear as rust-brown

areas on the NS-001 image. Reliable discrimination of

limestones is often hampered by the characteristic forma-

tion of resistant landforms, including cliffs and ledges, which

produce deep shadows. The effect of computer enhance-

ment and ratioing is to subdue topographic features, caus-
ing much of the limestone exposures to be displayed as

exceptionally dark or light regions. This effect is particu-

larly apparent in the Waterman Mountains, where much
of the detailed contact relations between Paleozoic lime-

stone and other units is totally obscured.

d. Structure. The enhancement of lithologic units on the

NS-001 image tends to emphasize certain structural details

through the juxtaposition of contrasting colors on opposite
sides of fault contacts. On the other hand, the 12-m resolu-

tion is insufficient to identify some of the finer structural

details visible on aerial photographs, such as dikes and minor
faults.

One of the most obvious structural features visible on

the NS-001 image is the Ragged Top Fault, which is strik-

ingly enhanced by yellowish-orange and green Precam-

brian exposures along its trace. The Barite and Mt.

Mammoth Faults are also enhanced on the image, through

the presence of propylitically altered dacite porphyry
between the two faults. The Barite and Mr. Mammoth Faults

appear to extend approximately 4 and 2 km, respectively,

farther south than they are shown on existing geologic maps.

This agrees with the more regional nature of the two faults

interpreted from the Landsat images.

Several short, 0.5-kin, north-trending linear features are

present in yellowish-appearing, altered exposures immedi-

ately north of the ASARCO railings pond. These were field

checked and found to be small faults with minor copper-

oxide and specularite mineralization. The faults cut propy-

litically altered granodiorite porphyry. The structures are

not shown on existing geologic maps of the district.

Elements of the broad Oxide fault zone, striking east-

northeast out of the Oxide Pit, are visible as indistinct lin-

ear features corresponding to porphyry dikes and a thick

quartz vein shown on the ASARCO geologic map. Much

of the Oxide fault zone appears as a dispersed yellowish

area, indicating weak argillic or propylitic alteration.

Alteration boundaries on the NS-001 image also high-

light portions of the southeast end of the west northwest-

trending Silver Bell fault zone, where it is well exposed
southeast of the Oxide Pit. The sharp, straight edges of

phyllically altered monzonite outcrops accentuate the fault
zone for a length of about 5 km beyond the Oxide Pit,

where the zone disappears under alluvium.

2. Canonical transformation image (11 groups-igneous

rocks only). Figure 4-34 was prepared using the canonical
transformations derived from the linear discriminant anal-

ysis for 11 groups of PFRS spectral data (Paragraph IV),

corresponding to the 11 different types of altered and unal-

tered igneous rocks. The canonical variables (VI, V2, and

V3) were displayed through blue, green, and red filters,

respectively.
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Figure 4-34. NS-001 canonical transform image. Axes derived from discriminant function analysis of 11 rock groups using PFRS data.
V1, V2, and V3 are displayed as blue, green, and red, respectively.

Because the linear discriminant function analysis was

perlbrmed on reflectance data (PFRS measurements) and

the NS-001 data are proportional to radiance, it was neces-

sary to convert thc scanner data to values proportional to

reflectance. The calibration curves (Figure 4-20) computed

l}om comparison of PFRS values and scanner DN wdues

for the same areas were applied to the scanner data prior

to translbrmmg the data using the canonical transformations.

()l" the six different canonical transformations (("i'st

examined, this particular combination provides the great-

est visual separation of hydrothermal alteration types. The

image displays a vivid array of color patterns correspond-

ing to various alteration subtypes. Man'¢ areas lumped

together as one alteration type on the ratio image are split

into markedly distinctive units on thc ("1' image (see Fig-

ure 4-35 tbr interpretation).

Areas of alteration appear as various shades of orange,

blue, lavender, and yellow on the image. Alteration within

the main Silver Bell structural zone is separable into two

very distinctive patterns: an outer orange region, corre-

sponding to mapped propylitic alteration, and an inner blue/

htvender region, corresponding to exposures of phyllic
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Figure4-35. Interpretationmapof NS-001canonical transformimage(Figure4-34)

alteration. A third alteration category appears as several

small orange patches within the core of the bluish phyllic

zone east of the El Toro Pit. These orange areas, which

appear identical to propylitic alteration, correlate spatially
with zones of potassic alteration shown on the ASARCO

alteration map. The similar appearance of the potassic and

propylitic zones indicates that the overall makeup of the

two alteration types, in terms of clay and iron-oxide con-
tent and spectral reflectance, must be quite similar. This is

consistent with the PFRS data shown in Paragraph III.

Propylitic alteration appears more extensive on the CT

image than shown on ASARCO's alteration map. Orange-

colored areas of propylitic alteration are widespread in

igneous rocks on both sides of the Silver Bell fault zone,

but the most intense development appears to occur in the

exposures of granodiorite porphyry, monzonite porphyry,

and dacite porphyry east of the Oxide Pit. These exposures
were field checked and found to contain extensive out-

crops having dispersed epidote and clay and traces of

limonite after pyrite.

The Oxide fault zone is very strongly highlighted, due to

the apparent presence of strong propylitic alteration in the

monzonite dikes along the east-west zone. Other areas of

apparent propylitic-type alteration include the rocks between
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the Mt. Mammoth and Barite Faults (northwest of Ragged

Top Peak) and the monzonite porphyry stock west of the
Silver Bell fault zone.

A very distinctive, lavender-colored area shows up within

the propylitically altered rocks east of the Oxide Pit. This
area, which is not covered by any detailed geologic maps,

was field checked and the color was found to be caused by

dacite porphyry with a gently east-dipping flow foliation.

The dacite is weakly altered to epidote and clays.

The overall lithologic discrimination capability, includ-

ing both altered and unaltered rocks, is about the same or

slightly less than the ratio composite. Approximately 18 rock-

type classes may be separated on the transformed image,

generally corresponding to the same units separated on the

untransformed products. Most of the decreased separabil-

ity can be attributed to the poor discrimination between
the alaskite and monzonite stocks and Paleozoic lime-

stones, all three of which appear uniformly orange in color

on the transformed image. Improved separability of the

altered rocks indicates the value of this processing technique.

3. Canonical transformation image (18 groups-all rock

types). Figure 4-36, produced using spectral data for all 18

rock-type groups, is shown because it appears superior to
the other transformations in overall discrimination of rock

types. The same general units visible on the NS-001 ratio

composite are present on the transformed image, but the
lithologic boundaries are greatly enhanced and made much

more distinct by the presence of highly contrasting color

patterns. The separation of alteration types, however, is not

as clear as that presented by the transformation product

made by using the combination of 11 igneous rock types.

Most of the major rock units mapped in the Silver Bell

test area can be discriminated on this CT image. On the

image, Mt. Lord Ignimbrite is a blue-green color, and Claf-

iin Ranch Formation and granodiorite porphyry exposures

appear yellowish-tan. Fresh dacite porphyry is pale green
with a faint lavender tint. Monzonite and alaskite are both

violet in color. Mesozoic red beds and Precambrian Apache

Group sediments are dark blue, while Paleozoic limestones

are variable, ranging in appearance from purplish-brown

to pale green. Other rock types are rendered as less diag-

nostic shades of green, lavender, and pink.

Clay-rich areas of alteration appear bright pink on the

image, while areas of propylitic alteration are violet col-
ored, similar to fresh monzonite and alaskite. Propylitic and

phyllic alteration can only be discriminated with difficulty
within the main Silver Bell alteration zone, due to their

similar appearance.

In general, the same structural features visible on the
other NS-001 products are accentuated on the 18-group

CT image. Both the Ragged Top Fault and the Mt. Mam-
moth/Barite systems are very clearly defined. However, the

Barite and Mt. Mammoth Faults do not clearly extend

through the monzonite stocks, as they appear to do on the

1 l-group CT image. The Oxide fault zone also shows up,
but not with the same clarity and resolution which the pro-

pylitically altered dikes bring out on the I l-group CT image.

4. Supervised classification. Calibrated NS-001 data were

input into a supervised classification scheme to evaluate

this processing technique for mapping purposes. Previous
work using this algorithm for geologic purposes has met

with mixed success (Siegal and Abrams, 1975). This is due

to the nature of geologic materials: units are not very

homogeneous, producing large variance in training set sta-

tistics; boundaries are often gradational rather than sharp;

the pixel size can result in mixed pixels having signatures

of several units; etc. Nevertheless, because this procedure

requires minimal interface by an analyst and is quite auto-
mated, it was felt that it was worthwhile to examine it.

Thirteen different rock types were selected and repre-

sented by 16 training areas outlined on an image of the Sil-

ver Bell area (Table 4-17 and Figure 4-37a). A program
called FASTCLAS was used to identify all other pixels in

the scene which had similar spectral values in the seven
visible and near-infrared NS-001 bands. This program is

a hybrid parallelepiped-Bayesian Maximum Likelihood
classifier (refer to the Technical Appendix, Section 14, for

details). The mean DN values and standard deviations

for each group in each of the seven channels are shown in
Table 4-18.

Pictures showing the results of the classification for each

of the 13 units are shown in Figures 4-37 through 4-40.

Mt. Lord (Figure 4-37b) was accurately mapped. Somc areas

seem to represent alluvium derived from outcrops, partic-

ularly southeast of Ragged Top. Altered dacite (Figure

4-38a), or more appropriately phyllic alteration, was properly

depicted. The two regions west and east of Ragged Top are

weakly altered Precambrian rocks along the Ragged Top
Fault. Unaltered dacite (Figure 4-38b) maps outcrops in

areas adjacent to the training area. Areas south of Silver

Bell Peak were not recognized.

This training area is probably in propylitic material, so
less altered dacite and dacite interbedded with Silver Bell

are not recognized. Claflin Ranch (Figure 4-38c) identified

some areas of granodiorite west of Ragged Top; the large

area in the northeast is probably Silver Bell, although no

adequate maps exist to verify the accuracy of the classifica-
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Figure 4-36. NS-001 canonical transform image. Axes derived Irom linear discriminant analyses of 18 rock groups using PFRS data.

V1, V3, and V4 are displayed as red, blue, and green, respectively.
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Table 4-I 7, Silver Sell tralnlng areas

Unit Number Number of Pixels

Mr. Lord I 9850

Dacite, altered 2 5450

Dacite, unaltered 3 3025
Claflin Ranch 4 2650

Granodiorite 5 5625

Ragged Top latite 6 5625
Silver Bell I 7 5625

Basalt 8 2025

Red beds 9 625

Monzonite 10 3025

Alaskite I I 625

l,imestone 12 2025

Silver Bell 2 13 1225

tion. Granodiorite (Figure 4-38d) includes some areas of

Silver Bell immediately to the south. Ragged Top (Figure

4-39a) includes areas in the Waterman Mountains, proba-

bly of high albedo material. Areas in the dumps were also

included in this class. Silver Bell 1 (Figure 4-39b) includes

the areas south and southeast of Ragged Top. Misclassitied

were areas south of the Oxide Pit, which are red beds. Basalt

(Figure 4-39c) picked up the basalt outcrops, but also

included some areas of shadow (low albedo) in the Water-

man Mountains. Red beds (Figure 4-39d) classified only

the two outcrops and none of the subcrop or alluvial areas.

Monzonite (Figure 4-40a) seems to include everything that

was not similar to the other classes. Accuracy for this class

is clearly the lowest of all the classes and includes a great

deal of alluvial arca. This may imply that, spectrally, mon-

zonite is most similar to weathered alluvium, regardless of

its relative source, Alaskite (Figure 4-40b) classified cor-

rectly some of the mapped alaskite. Also included erro-

neously was a large area north of Ragged Top. Limestone

(Figure 4-40c) correctly classified the limestone outcrops

Table 4-18. Statistics of training areas

Channel Mean, Standard Deviation
tJ nit ....

I 2 3 4 5 6 7

1 19,4 29,4 44,4 58,3 70,4 58,4 38,5

2 34,5 44,4 63,5 80.5 ] 10,6 121,7 79,6

3 33,4 42,3 51,3 62,3 73,3 67,4 47,4

4 36,3 48,3 59,3 69,3 86,3 94,4 78,4

5 39,4 47,3 54,4 58,3 67,3 68,4 45,4

6 53,5 55,5 69,5 84,6 109,6 119,6 123,7
7 35,3 38,2 48,3 58,3 68,3 63,3 43,4

8 9,2 16,2 23.2 17,3 42,3 36,3 21,3

9 26,2 30,2 54,3 65,3 82,3 73,3 74,4

10 56,4 64,3 77,4 96,3 102,3 104,4 94,4

I 1 40.3 54,3 70,4 89,3 104,3 105,3 95,4

12 34,5 41,4 52,5 64,5 86,5 87,5 71,6

13 31,3 40,3 53,3 67,3 75,3 67,3 50,3

between and west of the two pits. Also included were large

areas in the Waterman Mountains, which contain lime-

stone outcrops. Silver Bell 2 (Figure 4-40d) classified fairly

accurately outcrops not classified in Figure 4-39(b). A color

version combining the 13 thematic maps is shown in Fig-

ure 4-4 I.

This exercise mainly indicates that success of supervised

classification rests largely on the statistics of the training

areas and how well they represent the areas to be identi-

fied. A test of the homogeneity of the training areas was

performed using linear discriminant analysis. Table 4-19

shows the accuracy with which each training area was

grouped into its class. Accuracies ranged from 100 percent

for basalt to 53 percent for limestone. Some of the inaccu-

racies are due to shadows in the training areas, resulting in

large standard deviations and overlap of the values between

the groups. Overall accuracy of 74 percent is fair, but again

reflects the problems with this type of analysis. Improve-

ments could be made by using ratio values in addition to

raw bands, This would compensate for some of the prob-

lems of shadowing. Also, more careful selection of training

areas to insure homogeneity and obtain more representa-

tive sampling of the varied units is indicated.

5. Principal components analysis. The seven visible and

near-infrared wavelength bands of the NS-001 data were

input to a PC analysis. (These data were the calibrated data,

where DN is proportional to reflectance.) The first four

eigenvectors and their associated eigenvalues are shown in

Table 4-20. These vectors are also plotted in Figure 4-42.

V l, which has most of the scene variation, is basically an

average of each of the seven bands, or the average albedo.

V2 contrasts the bands long of I ttm with those short of 0.7

_m. V3 is heavily weighted on bands 4 and 5 (positive) and

band 7 (negative). V4 is heavily weighted on bands 4 and 7

(positive) and bands 5 and 6 (negative).

The DN values from 13 training areas for 13 units were

extracted from the NS-001 image data for the seven chan-

nels. These values were convolved with the four eigenvec-

tors to produce the PC values:

PCll = AIIB . + AL2BI2 + ... + AITB_7

where A_, are the n weights of eigenvector I, B_ to Bt7 are

the DN values for unit ! in the seven bands. These values

are shown in Table 4-21 and plotted in Figure 4-43.

The values on vector 1 rank the units by albedo: the

lowest value is for basalt, then Mt. Lord; the highest value

is Ragged Top. An image of Vl is shown in Figure 4-44(a).

Ragged Top, the pits, and one dump are white; basalt,
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Figure 4-37. (a) Training areas for supervised classification of N S-001 data; (b) classification map for MI. Lord
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Figure4-38.Classilicalionmapslor NS-001 data: (a) altered dacite; (b) unaltered dacite; (c) Claflin Ranch; (d) granodiorite

4-55



Figure4-39.Classificationmapsfor NS-001data:(a) RaggedTop;(b) SilverBell 1; (c) basalt;(d) red beds

Mr. Lord, and shadows are darkest. Altered dacite, lime-

stone, and monzonite are light gray. Examination of a pic-
ture of V2 (Figure 4-44b) and the V2 vector shows dacite,

Ragged Top, alaskite, red beds, limestone, and Claflin Ranch

as bright (high values). The darkest areas are the dumps
and pits.

V3 contrasts band 4 and band 7 (Figure 4-44c); the highest

values are produced by dacite, Mt. I_ord. Silver Bull, and

vegetation; the lowest values are basalt, Ragged Top, the

pits, and the dumps.

V4 is basically bands 4 plus 7 minus bands 5 plus 6. The

lowest wdues are fbund lk_rphyllically allered material (black

on Figure 4-44d) and areas of the pits. Red beds and Rag-

ged Top have the highest vahles.

In general, the individual princip_,l components imaees

provide some lithologic scparation. In the case of Vl and

V4, the image appearances can be related to spectral t'ea-

tures. V l is average albedo, V4 contrasts the brightest part

of the spectrum (at 1.6 tin1) with the falloff on either side.

This value is largest for altered rocks.
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A color composite was produced by displaying V 1, V2,

and V3 as red, green, and blue, respectively (Figure 4-45).

An interpretation map is also shown as Figure 4-46, where

similar-colored areas have been assigned the same number

and then identified using the geologic maps, Fifteen units

(other than alluvium) were recognizable. Unit I includes
areas of phyllic alteration and limonitic Precambrian rocks.

Unit 2 lumps weakly altered dacite, dacite-Silvcr Bell, and
Mt. Lord. Unit 3 includes Silver Bell and Mr. Lord. Unit 4

is only Mt. Lord. Unit 5 represents Ragged Top latite,
granodiorite, and limestone. Units 6 and 7 are Silver Bell.

Unit 8 is Claflin Ranch. Unit 9 includes Precambrian and

Paleozoic rocks of West Silver Bell. Unit 10 includes intru-

sive rocks monzonite, alaskite, and granodiorite. Unit 11
is a mixture of dacite and Claflin Ranch. Unit 12 is Claflin

Ranch and Silver Bell. Unit 13 is Claflin Ranch. Unit 14 is

Silver Bell. Unit 15 is basalt. In general, a few units are

uniquely separated; the Silver Bell and Claf/in Ranch

complexes are distributed over several uniLs, reflecting their

variable lithologic compositions (basalts, andesites, flow

breccias, agglomerates). Overall, this type of processing has

produced an image with fair geologic inli)rmation.

Figure 4-40. Classification maps for NS-001 data: (a) monzonite; (b) alaskite; (c) limestone; (d) Silver Bell 2

4-57



Figure 4-41. Thematic map produced from NS-O01supervisedclassification:Mt. Lord, pink;altered daclte, red; unaltereddacite, lavender;,
Claflin Ranch, ge_en; granodiodte,lightorange; RaggedTop, lightblue; Silver Bell 1, dark blue;basalt, white;red beds,brown; monzonite,
yellow;alaskite,orange;limestone,gray;SilverBell2, cyan;unclassified,black

6. Summary of NS-001 results. This section describes the

results of four different kinds of image processing tech-

niques applied to the NS-001 data. Ratioing and principal

components transformations require the least amount of

knowledge about the scene. PC analysis is an unsupervised

technique that produces new, uncorrelated images which

display the scene variance along each axis. Because this
method operates on statistics from the whole scene, it is

biased by the relative areal extent of each unit in the scene.

If the area examined contains a large fraction of unimpor-

rant surficial cover (vegetation, tbr example), this method
is liable to produce unsatisfactory results relative to sepa-

ration of the other, more important materials. In the case
of Silver Bell, most of the scene contained areas of interest

so the separations produced by the technique were

satisfactory.

Ratioing requires selection of the particular bands which
will be used to create the CRC. A general knowledge of

the materials in the scene and their spectral characteristics
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Table 4-19. Training area accuracy

Pixels Correct,
Group %

Mt. Lord 61

Dacite, altered 88

Dacite, unaltered 66

Claflin Ranch 83

Granodiorite 83

Ragged Top 79
Silver Bell 1 72

Basalt 100

Red beds 91

Monzonite 70

Alaskite 91

Limestone 53

Silver Bell 2 58

leads to selection of particular band-ratio combinations to

enhance the display of those materials. Conversely, ratios

can be selected to enhance certain mineralogical constitu-

ents (such as iron oxides and clays) and the images used to

search for the presence of these materials, even in totally

unknown areas. The former approach was used here, with

outstanding results.

Supervised classification techniques require a priori

knowledge of the distribution of materials in a scene in

order to select proper training areas. The main advantage

(and disadvantage!) of this technique is the production of

a thematic map which displays the results of the classifica-

tion without further interaction by an interpreter. No skill

is required to use the thematic map; however, all of the

textural and contextual information is correspondingly

eliminated, preventing an interpreter from bringing to bear

his professional skills and geological expertise on the inter-

pretation. As such, this technique is philosophically the least

desirable approach to image processing for geologic

mapping.

Canonical transforms require the greatest amount of a

priori information. Field spectral measurements must be

available (at least in this particular application) to serve as

the basis for discriminant function analysis. However, the

gratifying results point to this technique as the most pow-

erful of those presented here.

Table 4-20. Eigenvalues and eigenvectors for NS-001 data

Eigenvalue Eigenvector

Channel

l 2 3 4 5 6 7

4392 VI 0.34 0.31 0.36 0.36 0.34 0.42 0.49

340 V2 -0.61 -0.41 -0.26 -0.06 0.26 0.39 0.40

170 V3 -0.25 -0.05 -0.04 0.75 0.35 -0.07 -0.50

55 V4 -0.15 -0.05 -0.01 0.43 -0.34 -0.59 0.57

I L I I I 1 I i I L VII
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Figure 4-42. Plot of Ioadlngs on first four elgenvectors (V1, V2, V3,
V4) from NS-001 principal components analysis

While this section is certainly not an exhaustive treat-

ment of image processing techniques, a wide enough vari-

ety of algorithms was considered to conclude that it is the

spectral regions covered by the NS-001 Thematic Mapper

Simulator (and Landsat 4 Thematic Mapper) and the

resulting information content which allow satisfactory geo-

logic maps to be interpreted using any of the processing

schemes.

F. Thermal Data

Midday and predawn thermal data were obtained on

August 17-18, 1977, using the M2S scanner. The day ther-

mal image (Figure 4-47a) depicts warm areas in white and

cold areas in black. The coldest areas are the stream beds

Table 4-21. Principal components values

Vector
Unit

1 2 3

Mt. Lord 118 17 37 -16

Dacite 1 204 47 38 -38

Dacite 2 142 10 32 -19

Claflin Ranch 180 29 23 - 19

Granodiorite 142 I 25 -20

Ragged Top 239 45 13 - 13
Silver Bell 1 134 7 29 - 18

Basalt 63 15 10 -19
Red beds 156 35 25 -8

Monzonite 226 19 33 -14

Alaskite 214 36 32 -14

Limestone 167 30 24 -21

Silver Bell 2 145 13 34 -15
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Figure 4-44. Principal components images from NS-001 data: (a) Vl; Co) V2; (c) V3; (d) V4

with vegetation, parts of the dumps, and Ragged Top (high

albedo, reflects solar energy). Warm areas are basalt out-

crops and alluvium. In general, there is less information in
these data than the average albedo image (acquired at the

same time) (Figure 4-47b). The night or predawn thermal

image (Figure 4-47c) is very noisy, and the data show a

limited range of temperature values. In general, outcrop

areas are warmer than alluvium, although topographic

effects are an additional factor as seen at Ragged Top and

Silver Bell Peak which are relatively cooler.

A more useful display of thermal properties is produced

by calculating apparent thermal inertia (ATI) (Kahle et al.,

1981). ATI is an approximation of the modeled thermal
inertia, and is calculated as:

I-A
ATI -

AT

where A is albedo, and AT is the difference between day and

night temperature values. To produce an ATI image, day-

night thermal data are coregistered and the difference between

them computed. An average albedo value is computed

by weighting the 10 channels of visible and near-infrared

data (obtained simultaneously with the day thermal) with

the solar spectrum. An ATI image is shown as Figure 4-47(d);
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Figure4-45. PrincipalcomponentscolorcompositefromNS-001 data.ComponentsVl, V2,and V3 aredisplayedas
red,green,andblue, respectively.

high ATI values are bright, low values are dark. The

brightest areas are moist areas in the dump, vegetation in

streams, basalt outcrops, the Waterman Mountains, Rag-

ged Top, silicified knobs and quartzite west of Oxide Pit,

and Mt. Lord west of Ragged Top Peak. These are all dense

materials, which have high thermal inertia, or wet areas

(water has high TI). Lowest ATI values are in the dumps

and pits and in the alluvial fans. These are areas of very

low density material, hence low TI. Dacite has moderately

tow ATI, probably due to reduced density due to phyllic
alteration.

A more effective method to display thermal data is to

produce a color composite of the thermal and albedo data.

Figure 4-48 is a picture using night thermal as blue, day
thermal as green, and albedo as red. This process allows

the interrelationship of thermal and albedo properties to

be depicted on a single, more easily interpretable image. An

interpretive map for this image is shown in Figure 4-49.

The dumps are bright red, indicating high albedo and low
temperatures in both the day and night thermal data. Rag-

ged Top is magenta, indicating high albedo and relatively

warm temperatures at night and cold temperatures in the

4-62



10

14

11

DUMP

PIT

N

0 1 2mi
I t I

0 1 2 3km
i I I I

10

1 PHYLLIC ALT., LIMONITIC
2 DACITE, MT. LORD
3 SILVER BELL, MT. LORD
4 MT. LORD
5 LIMESTONE, RAGGED TOP,

G RANODIORITE
6 SILVER BELL
7 SILVER BELL
8 CLAFLIN RANCH
9 PRECAMBRIAN, PALEOZOIC

10 MONZONITE, ALASKITE,
GRANODIORITE

11 DACITE, CLAFLIN RANCH
12 MIXED
13 CLAFLIN RANCH
14 SILVER BELL
15 BASALT

Figure 4-46. Interpretation map of NS-O01 principal components composite (Figure 4-46)

day. A fair number of geologic units are distinguishable on

this image: Silver Bell complex, Mr. Lord, basalt, and
Mesozoic sediment. Alaskite, monzonite, and limestones are

not separable; granodiorite and dacite also look similar.
While not as informative as NS-001 data, this combination

provides an acceptable level of rock-type separations.
However, no additional information is found compared to
N S-001 data.

G. Comparison o! Spatial Resolution

All of the aircraft scanner data examined and presented

in this report were analyzed and processed at their original

resolution of between 12 and 18 m. However, because the

data are in digital form, it is possible to degrade the spatial
resolution in order to examine the effect of more limited

spatial resolution on detectability of geologic features.

The NS-001 ratio data used to produce Figure 4-32 were
digitally degraded for this task. The area selected for anal-

ysis is outlined in Figure 4-50(a). A cubic convolution

resampling algorithm was used to produce pixels of 30-

and 80-m size. These are shown, with the original 12-m

data, in Figures 4-51(a), (b), and (c). For comparison, the
same area was extracted from the Landsat false-color
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Figure4-47.M2SthermaldatalorSilverBell:(a)daythermal;(b)albedo;(c)nightthermal;(d)apparentthermalinertia.
Hightemperaturesorreflectancevaluesarebright.

infrared (CIR) composite (bands 4, 5, and 7), and the

Landsat color ratio composite (ratios 4//5, 5/6, and 6/7):

these are shown in Figures 4-51(d) and (e). All five images

were originally at a scale of 1:48,000, which is a common

scale used by explorationists for analysis and mapping.

Several different-sized features were selected for exami-

nation and are indicated in the sketch map appearing in

Figure 4-50(b). One of the dumps of the Oxide Pit (:e 1 ) is

shown tbr location purposes. On the NS-001 data, it appears

as a pink area due to the dominance of clay minerals pres-

ent. On the Landsat CIR, it appears as light blue to white,

and on the Landsat ratio image as yellow.

The area of altered syenodiorite (_2) is locatable on all

the NS-001 images as a yellow-green area due to its tonal

contrast with the surroundings. It is also discernible on the

Landsat ratio image as a red area (iron oxides). The
dimensions of this area are about 300 by 300 m; on the

12-m data, they are 25 by 25 pixels: on the 30-m data, they

are 10 by 10 pixels; on the 80-m data, they are 4 by 4

pixels.
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The small outcrops of phyl]ically altered monzonite (_3)

appear as yellow on the NS-001 data. At 80 m they are

only single pixels, but can still be recognized because of

color contrast with their surroundings. They are not dis-

cernible on the Landsat images due to their lack of spectral
distinction in the Landsat bands.

The extension of the Barite Fault (_4) is expressed as a

drainage alignment. It can easily be mapped at 12- and

30-m resolution, but disappears at 80-m resolution.

The same behavior is evinced by several dikes (,,eS, :¢6).

These are easily seen on the 12-m data, are more difficult

to pick out on the 30-m data, and disappear on the 80-m
data.

From the above analysis, it appears that 80-m data are

inadequate for recognition of small, key features associ-

ated with the Silver Bell deposit. At 30m - the resolution of

the Landsat 4 Thematic Mapper the features are detectable.

IX. Conclusions

Analysis of the Silver Bell remote sensing data reveals

that airborne scanner images, particularly the N S-001 The-

matic Mapper Simulator data. are superior to more con-

Figure4-48. Colorcompositeof M2Sdata.Daythermal,nightthermal,and albecloare displayedasgreen,blue, andred, respectively.
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ventional systems such as Landsat MSS and color aerial

photography in terms of overall structural and lithologic
information. The effectiveness of the NS-O01 data can be

attributed partly to relatively high spatial and spectral res-

olution, but even more to their ability to detect reflectance

features due to clay absorption near 2.2 #m. The Landsat

and radar data are useful mainly to delineate regional
structures in the district.

The results of the remote sensing interpretation suggest

that both high-altitude and low-altitude sensor data would

be important in designing an exploration program for an
area similar to Silver Bell. Landsat and Seasat data, used

in conjunction with regional aeromagnetic data, can iden-

tify prospective exploration targets on the basis of coinci-

dent alteration and structural features. The close relationship

between regional faults, hydrothermal alteration, and cop-

per mineralization is well documented for the Silver Bell
District, and this study has demonstrated the feasibility of

identifying regional structures through the integrated

application of aeromagnetic data and Landsat images.

Several aspects of the Silver Bell remote sensing data

appear unique relative to published data for the test site.

Among these unique aspects is the ability of the NS-001

images to delineate previously unidentified areas of hydro-
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thermal alteration, including the north Ragged Top area,
central Waterman Mountains, and West Silver Bell Moun-

tains. In each of these areas, the Thematic Mapper Simula-

tor was able to discriminate very subtle and apparently

dispersed concentrations of clay minerals and iron oxides

which were not shown on any existing geologic maps.

A second result that is unique to the remote sensing data

is the nonuniform, structurally controlled distribution of

peripheral propylitic/argillic alteration. This relationship

is brought out by some of the NS-001 images, which dis-

play propyliticaUy altered areas as discrete patches or blocks,

rather than pervasive alteration over broad, continuous

intervals. In many cases, these discrete patches are elon-

gated west-northwest to east-west, parallel to the trend of

the main Silver Bell fault zone. This distribution pattern is

especially noticeable east of the Silver Bell fault zone, where

the most intense propylitic alteration appears to have been

channeled along certain fault and dike zones.

A third unique aspect of the data is the apparent ability

of Landsat and airborne radar data, used in conjunction

with regional aeromagnetic and gravity data, to extend some

of the known fault zones well beyond their mapped limits.

Examples cited in this report include the possible contin-

uation of the Barite/Mt. Mammoth fault system for 3 to 4

km south of the El Tiro Pit, and the possible extension of

the Ragged Top Fault across the West Silver Bell Moun-

tains, possibly as much as 6 km west of its known limits.

A rather surprising result emerged from the statistical

analyses of the PFRS data. The discriminant function pro-

gram, given 30 equally spaced 0.05-#m-wide wavelength

bands in the 0.45- to 2.45-/_m region, selected as its first six

bands wavelength regions almost identical to those on the

Landsat 4 Thematic Mapper. These bands provide the

optimal separation of the 18 rock-type groups used in the
analysis.

Attempts were made to use the aircraft scanner data to

produce "image spectra." Several approaches were exam-

ined to calibrate the data, including ad hoc assumptions

about the reflectance of a particular material and fitting of

image data to field-measured reflectance values for an area

in the scene. The resulting image spectra were satisfactory

approximations of field-measured spectra. Absorption bands

characteristic of ferric iron and hydrous minerals could be

seen or inferred. These results suggest that proper calibra-

tion of image data can allow them to be used to provide

spectral reflectance "curves," which in turn allow some

inference of mineralogical composition.

Various computer processing techniques were applied to

the NS-001 data, including band ratioing, principal com-

ponents, supervised classification, and canonical trans-

forms. Virtually every one tried and described in the report

produced images providing satisfactory separation of the

geologic units. Although some were better than others, it is

concluded that, given the proper spectral bands, a variety

of techniques will prove satisfactory.

Examination of the thermal data provided no additional
information not found in the visible and near-infrared data.

Nevertheless, some separation of units was possible using

simple three-component color composites of day and night
thermal data and albedo data. If this were the only data set

available, some degree of discrimination of rock types would

be possible. However, given a choice of data types, this one
would not be an early selection.

Simulation studies of various spatial resolutions were

performed by degrading the 12-m NS-001 data to 30- and

80-m pixel sizes. These data were then analyzed at an orig-

inal scale of 1:48,000, a common mapping scale used by

exploration geologists. All important features detectable on
the 12-m data were also visible on the 30-m data. These

included small outcrops of altered rocks and individual

dikes. At 80-m spatial resolution, small features were not

visible. This indicates that multispectral data from the

Landsat 4 Thematic Mapper scanner will be of enormous

use to exploration geologists, even at a scale of 1:48,000.

Resolution, up to a point, is not the limiting factor on

interpretation of critical geologic information. Rather it is

the position of wavelength bands in appropriate spectral

regions which is the critical factor in determining whether

multispectral data will be useful or not.

The results of this test site study should have wider

applications, both to porphyry copper deposits and to other

mineral deposits. Certainly in any area of the world where

vegetation cover is minimal and porphyry-associated alter-

ation is exposed, the Thematic Mapper will allow recogni-

tion of the presence of alteration zones. In addition, those

mineral occurrences whose paragenesis involves hydro-

thermal alteration of host and country rocks should also be

recognizable. An immediate extension can probably be made

to porphyry molybdenum deposits, whose alteration

assemblages are quite similar to those of prophyry copper

systems. Epithermal deposits with argillic alteration should

be detectable given adequate spatial resolution.
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Section 5

Helvetia, Arizona,

Porphyry Copper Test Site Report

I. Introduction

A. Overview

The Helvetia test site report is one of three test site stud-

ies on the application of remote sensing technology to geo-

logic mapping related to porphyry copper deposits. (A

summary of porphyry copper deposit genesis, a remote

sensing model, a comparison of results of the three test sites,

and applications to other types of deposits can be found in

the Porphyry Copper Commodity Report, Section 3.) This

report presents the detailed results of a regional and local
examination of a porphyry copper deposit located in a

structurally complex sedimentary environment. A wide range

of imaging systems was used to obtain remote sensing data.

These data were computer processed and interpreted for

geologic information. Ancillary nonimage data, geophysi-
cal data, and geochemical data were used in conjunction

with the remote sensing data to aid in understanding the

analyses of the image data. The results of this test site report
contributed to the Sensor Assessment Report, Section 2,

which summarizes the findings from all the test sites relat-

ing to the evaluation of the remote sensing technology
examined.

B. Rationale for Site Selection

The Helvetia area was selected as one of the three por-

phyry copper test sites because it contains a wide range of

lithologic units and alteration types that have moderate soil

and vegetation cover. Local lithologies consist of sedimen-

tary, volcanic, and intrusive members; alteration ranges from

weak phyllic alteration of igneous rocks to skarn alteration
of carbonate rocks. Skarn alteration is not present or well

exposed at the Silver Bell and Safford porphyry copper test
sites. The Helvetia site area contains two known copper

deposits, Peach-Elgin and Rosemont, which are undis-

turbed except for drill roads, several historic mine shafts,

and small dumps.

Access to the area is good; it is located near major high-

ways from Tucson, and many secondary dirt roads criss-
cross the test site. The area is controlled by ANAMAX

Mining Company, a 50 percent partnership between AMAX
and Anaconda. ANAMAX willingly agreed to contribute

their data and the cooperation of company geologists for

this study.

C. Site-Specific Objectives and Problems

The overall objective of the Helvetia test site study was

to evaluate the utility of remote sensing techniques and

instruments as mapping tools in a semiarid environment

over an area having known copper deposits. The various
data sets were evaluated for their usefulness in discrimi-

nating different rock types, alteration types, and structural
elements associated with the Helvetia area. The major fea-
tures examined were:

(1) Rock types- Discrimination of various outcropping

rock types, including sedimentary rocks (limestone,

quartzite, arkose, volcanic sediments, and gravels);
intrusive rocks (quartz latite porphyry, granite, and

dikes); and volcanic rocks (andesite, pyroclastics, and

tuff).

(2) Alteration-Delineation of alteration zones and sep-

aration of alteration types into phyllic/argillic, pro-

pylitic, skarn, and hematitic.

(3) Structural features Delineation of complex struc-

tural patterns that characterize the area. Features of

regional extent may control the loci of mineraliza-
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tion, while more local structural elements have pro-

duced a complex pattern of disrupted stratigraphic

outcrops.

The Helvetia area offers particular problems for this study

due to the great diversity of lithologies, alteration types,

and structural elements. The geological complexity chal-

lenges both the capabilities of the remote sensing technol-

ogy and the interpreters' skills to derive useful, accurate

geologic information.

D. Remote Sensing Model

The remote sensing model is based on some of the fea-

tures described in the Porphyry Copper Commodity Report,

Section 3, and on other features peculiar to a carbonate
host-rock environment. Possible observable characteristics

consist of various color, tonal, and textural properties asso-

ciated with structural and lithological features at H elvetia.

1. Structural features. Regional basement structures

appear to have a profound influence on the geology and

ore emplacement in southeastern Arizona (Heidrick and

Titley, 1982). These structures may have surface expres-
sions such as faults, fractures, or lineaments observable on

synoptic satellite data like Landsat. Regional geophysical

data can provide a basis for correlating features observed

on remotely sensed data with geologic and tectonic con-
trois. On a larger scale, Helvetia should show evidence of

its complex tectonic and deformational history (see Para-
graph II.B for details). Features associated with this activ-

ity would include faults, fractures, dikes, and lineaments

possibly detectable on moderate- to high-resolution images,
such as aerial photographs or aircraft scanner data.

2. Lithological features. The large variety of rock types

exposed in the Helvetia area should have spectral and geo-

morphic differences that would provide a means of sepa-
rating the main units by analysis of remotely sensed data.

Most carbonates, for example, have a strong absorption

band near 2.35/_m, which should be detectable with NS-

001 Thematic Mapper Simulator data; variations in albedo,

iron-oxide content, and other spectral characteristics should

permit some separation of the other rock types.

3. Alteration detection. A wide range of alteration types

are present at the test site. The presence of quartz monzo-

nitic intrusives provides the necessary thermal and fluid

source for hydrothermal fluids associated with porphyry

copper deposits. Phyllic/argillic alteration may be detecta-

ble as geomorphic anomalies. More likely, however, the
presence of clay minerals and iron-oxide minerals can be

detected directly by their diagnostic spectral reflectance

characteristics. Propylitic alteration may be detectable from

its dark tone and pale greenish color, indicating the pres-

ence of ferrous-oxide minerals such as chlorite and epi-

dote. Hematitic areas resulting from oxidation of

hydrothermal pyrite will be detectable due to the intense

0.85-_m absorption band of hematite and the characteris-

tic brick-red color caused by the strong falloff in reflec-

tance toward the ultraviolet absorption band. A large enough

area of hematitic alteration will be discernible on virtually

any type of remote sensing data covering the visible and

near-infrared region.

Skarn alteration is a result of hydrothermal fluid reac-

tions with carbonate rocks. Generally, an outer marble zone

encloses an exoskarn composed of garnet, diopside, and

hedenbergite (Figure 5-1). Between this zone and the

intrusive lies the endoskarn, composed of biotite, chlorite,

anhydrite, and K-feldspar. The ore zones found within both

cxoskarns and endoskarns contain copper sulfides, pyrite,

and magnetite (Enaudi, 1982). These latter minerals weather

to produce detectable iron-oxide concentrations when

CARBONATE
ROCKS

MARB_

/ / /INTRUSIVE

,_ / _ DIKES OR STOCK
LOCAELY POTASS/C

EXO- ENDO-

SKARN SKARN
D-G-H B-C-A-K

ORE ZOl" ORE ZONE

Q-PY-R- CY-PY -- --

CP-BN-S

B BIOTITE
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Figure 5-1. Porphyry copper model In carbonate rocks. An intrusive

in contact with carbonate rocks develops a skarn zone containing

ore minerals and various calc-silicate minerals. The carbonate Is

metamorphosed to marble (adotMed from Lowell arid Guilbert, 1970).
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exposed at the surface. The development of marble can be

detected by its lighter tone or by possible absorption fea-
tures due to introduced iron or other ionic constituents.

E. Data Sources

The data collected and analyzed for this study included

remote sensing data, field spectral reflectance measure-

ments, and ancillary support maps. Remote sensing data

analyzed included seasonal Landsat coverage, color aerial

photography, Seasat L-band radar data, dual polarization

X-band radar data, Modular Multispectral Scanner (M2S)

data, and NS-001 Thematic Mapper Simulator scanner data.

The dates of data acquisition, spectral band coverage, and

scales at which the data were analyzed are shown in Table

5-1. Data werc obtained in digital form on computer-com-

patible tapes, with the exception of the aerial photographs

and radar data, which were obtained as photographic

products. Field spectral ret]ectance measurements were

obtained using JPL's Portable Field Reflectance Spectrom-

eter (PFRS) during June 1978. Data were acquired in digi-

tal form for further computer processing.

Ancillary support data used in the interpretation of Hel-

vetia remote sensing data included geologiC: and geophysi-

cal information from both published and unpublished

sources. Geologic maps included U.S. Geological Survey
publications (Creasey and Quick, 1955: Drewes, 1970, 1971 a,

1971b, 1971c, 1972a, 1972b, 1973, 1976, 1980; Finnell, 1970)

and an unpublished geologic map provided by AMAX

Exploration at a scale of 1:24,000. Soils maps of the area
were obtained from the U.S. Soil Conservation Service

(Richardson et al., 1979). Geologic information on stratig-

raphy and structure was extracted from Drewes' publica-
tions, cited above.

Geophysical support data consisted of two regional maps
at a scale of 1:500,000: the Residual Aeromagnetic Map of

Arizona (Sauck and Sumner, 1970) and the Residual Bou-

guer Gravity Anomaly Map of Arizona (Aiken, 1975). Data

from a low-level, detailed aeromagnetic survey were pro-

vided by AMAX Exploration.

F. Interpretation Methods

Interpretation of the Helvetia data involved an iterative

process of laboratory analysis of computer-processed remote

sensing data, field checking of the site to substantiate any

interpretative conclusions and to determine the cause of

any unusual features, and further processing and integra-

tion of data in the laboratory.

The processed remote sensing images were interpreted

in the laboratory by several analysts who traced bounda-

ries onto transparent mylar overlays. This was done with-
out use of geologic maps to minimize bias during the

interpretation. The image data were scaled similarly to sup-

port maps, so the overlays could later be placed over the

maps for comparison and labeling of interpreted units.

When the various geologic overlays did not fit the maps

exactly due to residual geometric distortion in the aircraft

data, photographic or optical techniques were used to

compensate by rotating and shifting the overlays to fit

locally. This matching was done using topographic, cul-

tural, and drainage features as control points. The tech-

nique of creating transparent interpretative overlays allowed

intercomparisons of results between various data sets.

Fieldwork was undertaken at several stages during the

project. After preliminary image processing of the aircraft

scanner data, in situ spectral measurements of distinct geo-

Table 5-1. Remote sensing data

Data Type _ Date Spectral 8ands Resolution, m Scale Source

Color aerial August 19, 1977 Visible, polychromatic 3 1:24,000 Johnson Space

photographs May 16, 1978 Center (JSC)

October 9, 1978

Landsat MSS June I, 1974 4 bands between 0.5 80 1:500,000 EROS Data

March 25, 1975 and 1.1 _tm 1:125,000 Center

October 8, 1975

Radar April 27, 1979 X-band: VV, VH, HH, 25 1:62,500 JSC
HV

M2S scanner August 19, 1977 11 bands: 10 between 18 1:62,500 JSC

May 16, 1978 0.4 and l.l ,am,

1 at 8.0 -13.5 _m

NS-001 scanner October 8, t978 8 bands: 7 between 0.5 12 1:62,500 JSC

and 2.3 #m, I at 10.4-

12.5/an

JRcfer to the Technical Appendix, Section 14, for a detailed description of the instruments.
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logic units were obtained. Analysis of these data aided fur-

ther processing of the image data. Additional field trips

were undertaken to verify the results of the image interpre-

tation and to examine the lithological character of image

units. Each trip provided new information and ideas that

applied to later image processing and aided in interpreta-

tion of the images.

II. Description of Site

A. Location

1. Geographic description. The Helvetia test site is located

in southeastern Arizona in Pima County, approximately 50

km southeast of Tucson (Figure 5-2). Access to the eastern

part of the area from Tucson is available from Interstate

Highway 10 east, Arizona Highway 83 south, and graded

dirt roads. The western part of the area is reached via

Interstate Highway 89 south from Tucson, then paved and
dirt roads to the site.

The area studied in detail covers approximately 800 km 2

and is bounded by a rectangle with vertices at lat. 32005 ' N,

long. 110045 , W; lat. 31 °55' N, long. 110°35 ' W; lat. 31 °45' N,

long. 110055 ' W; and lat. 31040 ' N, long. 110045 ' W (Figure
5-2).

Several mining districts are in the area. These are the
Helvetia District, the Rosemont District, the Greaterville

District, and the Sycamore Canyon District. At the present

time, mining activities are not being conducted in the area,

although exploration efforts by several mining companies
continue.

2. Physiographic description

a. Topographic refief The test site is located in the Basin

and Range Province. Two mountain ranges are included in

the area: the Empire Mountains and the northern part of

the Santa Rita Mountains. Alluvial slopes and valleys sur-

round the mountains. Relief is rugged in the ranges and

gentle in the foothills and intermountain valleys. A maxi-
mum elevation of 2045 m (6650 ft) occurs in the southern

part of the area; alluvial slopes on the west side descend to
an elevation of 1200 m (4000 ft) (Figure 5-3).

b. Climate. The climate of the area is semiarid, typical

of that of a steppe; average annual precipitation is about

50 cm. About one-half of the annual precipitation falls

during thundershowers in July and August. Winter precip-

itation usually lasts for several days; snowfall is rare,

although at higher elevations, accumulations of several

centimeters are not uncommon. Temperatures range from

occasional summer highs in excess of 40 ° C to winter lows

of-5 ° C. The average daily high and low are 25 ° C and
!0 ° C.

c. Soil and vegetation cover. Soil distribution and com-

position and associated vegetation cover types are pre-
sented in the soils map (Figure 5-4) and Table 5-2
(Richardson et al., 1979).

d. Land use. The test site is located in the Coronado

National Forest. The land is used primarily for grazing

purposes, supporting a moderate cattle population. Camp-

ing and four-wheel-drive vehicle usage is permitted in the

area. Agriculture or farming is not practiced in the area. In

past years, mining activities provided a major input to the
area's economic base; however, active mining is not being

conducted presently.

B. Geologic History

1. Stratigraphic evolution. The oldest known rocks in the

area are regionally metamorphosed Precambrian rocks

conventionally assigned to the Pinal Schist (Table 5-3; also

see Figures 5-5, 5-6, 5-7, Table 5-4, and Figure 5-8). In

most nearby areas, this formation is a muscovite-chlorite

or muscovite-biotite schist, but locally it consists largely of

biotite gneiss and granite gneiss and only a small amount

of schist. These rocks were deformed, metamorphosed, and

intruded, either during one geologic event or separately in

the given sequence, by a large pluton of Continental

Granodiorite. The rocks were uplifted and deeply eroded

before the deposition of a sequence of Paleozoic rocks.

The Paleozoic rocks of the Santa Rita Mountains are

believed to have lain unconformably on the Precambrian

crystalline rocks, although they are now invariably faulted

upon them. The Paleozoic rocks form a concordant marine

sequence that begins with the Bolsa Quartzite of Middle
Cambrian age, contains several disconformities, and ends

with the Rainvalley Formation of late Early Permian or

slightly younger age. Nearby areas have no Permian rocks

younger than the Rainvalley Formation. This marine

sequence was deposited in a shallow continental sea. Its

internal disconformities mark a succession of epeirogenic

fluctuations of an otherwise tectonically stable region.

Moderate tectonic activity marked the interval between

the deposition of Permian rocks and the onset of the Lara-

mide orogeny in mid-Cretaceous time. Toward the end of
the Permian time, the region was uplifted and the sea

retreated; in Early Triassic time, the area now occupied by

the Santa Rita Mountains was faulted, the uplifted block

was deeply eroded, and a thick pile of volcanic and sedi-
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Figure 5-2. General location of the Helvetia test site in southeastern Arizona. The small test site is outlined. Contours are In feet;
contour interval is 1000 ft.

mentary rocks of the Mount Wrightson and Gardner Can-

yon Formations was deposited in a fault-block basin. Near

the end of Triassic time, a stock of the Piper Gulch Mon-

zonite was intruded, perhaps along an old fault zone,

forming the Santa Rita fault scar. During the Jurassic Period,

a large stock or small batholith of granite intruded the

southern part of the area. Faulting and erosion followed

and, during Early Cretaceous time, the Temporal Forma-

tion. Bathtub Formation, and Bisbee Group were depos-

ited in a continental environment. Both the local relief and

tectonic activity decreased during this interval and, before

its close, a shallow sea briefly encroached upon the area

fbr the last time.

The initial impulse of the Laramide orogeny occurred

during mid-Cretaceous time, when the Upper Cretaceous

Fort Crittenden Formation was deposited unconformably

upon the Lower Cretaceous Bisbee. The deposition of coarse

elastic rocks and rcsumption of volcanism mark the upper

part of Fort Crittenden. and widespread volcanism is
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Table 5-2. Helvetla test site soils and vegetation

Symbol Name Composition Slope, % Elevation, m Vegetation

An Anthony Gravelly, sandy loam 0-5 890 1170 Mesquite, paloverde, burroweed, three-awns, bush muhly,
cacti

Ao Anthony Gravelly loam 1-5 890-1170 Mesquite, paloverde, burroweed, three-awns, bush muhly,
cacti

BaE l]arkerville-Gaddes Cobbly loam 10-30 1540-2300 Oak, pifion,juniper, manzanita, grama grasses

BgF Barkerville-Gaddes Gravelly, granitic 10-30 1540-2300 Oak, pifon, juniper, manzanita, grama grasses

BhD Bernardino-Hathaway Gravelly, clay loam 2-30 1230-1600 Mesquite, grama, cane beard grass

CgE Caralampi Gravelly, sandy loam 10 40 920-1540 Grama, mesquite, mimosa

CmE Casto Gravelly, sandy loam 10-40 1540..2000 Oak, juniper, manzanita, grama

CoE Chiricahua Cobbly, sandy loam 10-45 920 - 1660 Grama, mesquite, catclaw, mimosa, ocotillo, agave, cacti

CrD Chiricahua-Lampshire Cobbly, sandy loam 5-35 920 1660 Grama, mesquite, catclaw, mimosa, ocotillo, agave, cacti

CsC Comoro Sandy loam 5-10 920-1540 Oak-savannah

CtB Comoro Sandy loam 0- 5 920-1540 Desert shrubs

FrE Faraway-Rock Cobbly, sandy loam 10 30 1540-2310 Oak, juniper, pifion, manzanita, gmma, bluestem

FrF Faraway-Rock Cobbly, sandy loam 30-60 1540--2310 Oak,juniper, pifion, manzanita, grama, bluestem

Ge Gra be Loam 0 3 920-1660 Desert shrubs, grasses

HaF Hathaway Gravelly, sandy loam 20-50 1100-1660 Black side oats, grama, three-awns, mesquite, yucca

HhE2 Hathaway Gravelly, sandy loam 1-40 1100-1660 Black side oats, grama, three-awns, mesquite, yucca

LcF Lampshire-Chiricahua Cohhly loam 15 50 1050 1660 Grama, bluestem, ocotitto, mesquite, mimosa, oak, juniper

LgF Lampshire-Graham Cobbly loam 20 60 Grama, bluestem, ocotillo, mesquite, mimosa, oak, juniper

McF Mabray-Chiricahua Gravelly loam 8 45 920-1690 Ocotillo, whitethorn, sotol, catclaw, grama, tridens

Pm Pima Clay loam 0-3 920-1540 Grass, shrubs

PoC Pinaleno Gravelly, sandy loam 0 10 920-1230 Mesquite, grama, three-awns, burroweed, cacti

Rn Rock Outcrop 15 60 1230 2580 Oak, juniper, manzanita, mimosa, grasses

SoB Sonoita Gravelly, sandy loam 1 8 1170-1540 Mesquite, burroweed, three-awns, grama

Th Torriflurents Sandy, clay loam 1 5 920-1840 Desert shrub, grasses

TrF Tortugas-Rock Cobbly loam 25 60 1480-2150 Chff rose, sumac, ocotillo, grama, mesquite, oak, juniper

WgC White House Gravelly loam 0-10 t015 1660 Grama, mesquite, three-awns, oak

WgE White House Gravelly loam 10 35 1015 1660 Grama, mesquite, three-awns, oak

WtF White House Hathaway Gravelty foam 5 45 I015- t660 Grama, mesquite, three-awns, oak

recorded in the succeeding Salero Formation. During this

time, the Corona stock was emplaced in the northern part

of what is now the Santa Rita Mountains. Major north-

eastward-directed thrust faulting marked the tectonic cli-

max of the Piman phase of the Laramide orogeny during

the time of deposition of the Salero Formation (probably

Campanian time). The Piman phase culminated a few

million years later with a series of multiple inlrusions of

rocks known as the Josephine Canyon Diorite, Madera

Canyon Granodiorite, and Elephant Head Quartz

Monzonite.

During Early Paleocene time, about 63 to 58 million years

(m.y.) ago, the area was tectonically quiet. The Josephine

Canyon stock, a large epizonal body, was partly exposed

by erosion, and the volcanic and sedimentary rocks of the

Gringo Gulch Volcanics were deposited. The Gringo Gulch

pluton and other small bodies were probably emplaced

during that time.

In Late Paleocene time, tectonic and volcanic activities

were renewed in the northern part of the area to record the

Hetvetian phase of the Laramide orogeny. Minor north-

westward-directed thrust faulting was penecontempora-

neous with the emplacement of a group of small stocks

named the "Helvetia stocks." Quartz latite porphyry intru-

sives thai are locally referred to as "ore porphyry" because

of their association with mineralization were intruded at

the close of the Helvetian phase of the Laramide orogeny.

Between the Paleocene and Oligocene times, the local

geologic record is fragmentary. Mineralized quartz veins

were emplaced in the southern part of the area, and some

rhyolitic volcanic rocks and andesitic intrusive rocks were

emplaced in the northern part. The area was strongly eroded

and possibly block faulted to form the ancestral Santa Rita

Mountains.

During the Late Tertiary and Quaternary times, the area

was block faulted several times, and gravel of several for-

mations filled the basins next to the raised and gently

southeastward-tilted Santa Rita Mountains. The latest

magmatic activity is recorded by basalt flows, of Miocene

or Pliocene age, that are intercalated in the oldest unit of
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Table 5-3. Rocks of the Santa Rlta Mountains, Arizona

Estimated Thickness,
Age Groups, Formations, and Members De_ription ft

Gravel and intercalated sand; infantile gray 0-300:1:

Holocene Youngest gravel and low-level terrace deposits soil on low-level terrace gravel

Late Intermediate-level pediment and terrace deposit Gravel and sand; capped by weakly developed red soil 0- 400 ±
Pleistocene

Pleistocene Middle High-level pediment deposits Gravel andsand; capped by well-developed red soil 0- 50 ±
Pleistocene

Pleistocene ' Gravel, sand, and silt, commonly pinkish-gray and slightly 0-2,000 ±

and Basin-fill gravel indurated; locally includes tuffaceous beds
Pliocene

Gravel, sand, and silt; rich in volcanic clasts; commonly 0-1,000±

pale red, poorly sorted, and slightly indurated

Pliocene

and

Miocene (?)

Late(?)

Oligocene

Oligcx:ene
to

Paleocene

Paleocene

Paleocene (?)

Late

Cretaceous

Gravel of Nogales

Rhyolite intrusives of the northern Santa Rita Mountains

Dikes and stock of the San Cayetano Mountains

Igneous Dikes and laccoliths in the Grosvenor Itills area

complex .........
of the Rhyodacite member

southern Grosvenor Rhyolite member
Santa Rita Hills

Mountains Volcanics

Gravel and silt member

Quarlz vein swarm

Rhyolitic volca nics

Olivine andes±re plugs

Andes±re dikes and sills

Greaterville intrusives

H elvetia stocks

Cottonwood Canyon dike swarm

Gnngo Gulch plugs

Volcanics of Red Mountain

Rhyoliteporphyry of a plug and of the Gardner Canyon

and Box Canyon dike swarms

Rhvodacite porphyry dike swarm and medium-coarse-

grained light-gray granodiorite

Rhyodacite vitrophyre, medium-gray to light-gray

Rhyodacite lava flows, agglomerate, tuff. and welded tuff

Rhyolite tuff; a little welded tuff and lava

150- 2200

500+

tipper member

Gringo Gulch Vo)canics

Lower member

Elephant Head Quart,' Monzonite

Madera Canyon Granodiorite

Gravel and silt; a little limestone and shale O-200

Mineralized quartz veins of the southern Santa Rila
Mountains

Rhyolitic tuff and lava of Wasp Canyon

Vesicular and amygdaloidal plugs at Deer±rig Spring

Small andes±re intrnsives; include some dacite and diorite

intrusives

Quartz latite porphyry dikes and plugs, light-gray to gray-
ish-orange-pink; contains stubby bipyramidal quariz

phenocrysts; associated with miner_alization

Granodiorite to quartz monzonite stocks and a quartz diorite

stock, medium coarse grained

Quartz latite porphyry, finely porphyritic to coarsely

porphyritic

Hornblende dacite porphyry; partly very coarsely por-

phyritic; microgranodiorite in core of one plug

Rhyolitic and andes±tic pyroclastic rocks, intensely altered

Rhyolitic to dacitic tuff, sandstone, and a capping andes±re 900 _-
lava

Rhyolitic and dacilic pyroelaatic rocks and some flows; 7fX)+

contains intercalated epiclastic rocks

Stocks of coarse-grained quartz monzonite and an aplitJc

phase

Stc_k of coarse grained hornblende granodiori'te, and pot

phyntic and lcucocratic phases

Josephine Can_on D]or,te

Upper member

Arkose member

Salcro

Formation Welded tuff member

Exohc block member

Lower member

Upper red conglomerale member

Rhyolitic tuff member

[:orl Crlltenden I_ormat|on Brown conglomerate member

Lower red conglomerate member

Shale member

Turne_ Ranch Eormallnn

Shellenberger Canyon Formal±on

Bisbee Group Apache Can_on Formation

Willow Canyon Formation

Large stock of fine-grained diorite and quartz diorite and

a late quarlz monzonite phase

Sedimentar) and volcamc rocks

Arkose and conglomerate: largely facie_ of,,velded _uff
member

Rhyodac]te welded t_t( " " /.2_

Dacitic volcanics containing large exottc blocks I.OOO ±

Da¢itlc volcamcs 4t_) t

Volcanic conglomerate: some sandstone and sdtstone 1.400 -_

0 650luff. In part intercalated in upper red conglomerate member

Arkosic conglomerate: some sandstone and siltslone 2000

Volcanic conglomerate: some_andst_ne a_ndsihstone 800- 1.200

Fo'_sil_ferou_ gra) shale: some sandstone andconglotneraie - - a 550

Sandstone and red siltstone 1.500+

Siltstone and arkose 1.600 4-

Arkose and siltstone some limestone lenses 1.500 - 2.CO0

Arkose and conglomerate 2.200 +

Early
Cretaceous

Balhtub Formation

Glance Conglomerate

Upper member

M Iddle member

Lov, er member

3 500±

500_

Limestone- and g-ranile-cobblec--onglom crate " 01.5004

Dacilic volcanics and tuffaceous sandstone it- 1.500 4-

Rh)olitlc lo andes±tic volcamcs 8(X) 1.500

Conglomerate and volcanic sandstone 700 t
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Table 5-3 (Continued)

Age Groups, Formations, and Members Description Estimated Thickness.ft

U pper member Conglomerate and rhyolitic volcanics 600- 1,000

Temporal F ormalion M iddle member Rhyolitic to tatitic volcanics and conglomerate 100- 400

Lower member Rhyolitic to dacitic volcanics and fangiomerate 200- 1.300

Jura_ic

Early Jurassic
and Late Triassic

Squaw Gulch Granite

Canelo Hills Volcanic_

Piper Gulch Monzonite

Large stock of coarse-grained pink rock ranging in com-

position from granile to quartz monzonite

Arkosic sandstone and conglomerate, tuff and tuffaceous

sandstone, and quartzite

Stock of very coarse-grained dark-gray rock ranging in

composition from monzonite to quartz monzonite

600 +

Triassic

Early Permian

Gardner Canyon Upper member Red mudstone, dacitic volcanics, and conglomerate 1,800 _-

Formation Lower member Red sihstone and chert-pebble conglomerate 200

Upper member Eolian sandstone and andesitic to rhyodacitic volcanics

Rhyolitic to latitic volcanics; some sandstone and
Middle member conglomerate

Lower member Dacitic to andesitic volcanics and sandstone

Rainvalley Formation Limestone and dolomite; a little sandstone

Concha Limestone Limes! .... thick-he_ldeed, cherty_dark'giav _ ---

Mount Wrightson
Formation

- Fatty Permian and

Late Pennsylvanian

Late and Middle

Pennsylvanian

Scherrer

Formation

Naco

Group

Epitaph
Dolomite

Upper quar tzile member

Middle dolomite member

Lower quartzite and basal silt.stone
members

2,000 t

5,000 ±

1,5(D+

0 300

400 - 575

140_-Quartzile, pale reddish-gray, fine-grained

Doin mitel ii-gh i- t .... dium-gray 12b ±

Quartzite, pale yellowish-gray, fine-grained; basal red- 460±

dish-gray sihstone

Limestone, moderately thick bedded, medium-gray, stighiiy 380 i-

cherty
Upper member

Ma]nniy light brownish-gray marlstone and dolomitic silt- 620 ±

• . stone tc,.:aUv contains some argdhte and gypsum- basal 180Lower memner ' ' .
f con alns interca aled dark- to medium-gray medmm-
thick-bedded dolomite

Colina Limestone Limestone. dark-gray, medium-thick-bedded 350 ±

Siltstone and shale, reddish-gray; contains some sand- 800±Earp Formation
stone and chert-pebble conglomerate

Limestone, fine-grained, Ihin-bedded to moderately thick

Horquilla Limestone bedded, medium- to light-gra,_; contains siltstone beds in I,CO0 ±

upper half and two thin conglomerate beds near base

Limestone, coarse-grained, thick-bedded, cherty, medium- 56,0 ±
Mississippian Escabrosa Limestone gray, crinoidal

D ..... tan -Martin_ ..... ti_m- ...... -Br_,wn do_o--rnite_ gray limest ..... ittstone; some sandstone 400 _ " -

Late and Middle --- Shale. quarlzitic sandstone, and thin-bedded limstone "/40-900
Cambrian Abrigo Formafion

Middle Cambrian Bolsa Quartzite Quartzite, coarse-grained, thick-bedded, light- to brown- 460_
ish-gray and purplish-gray; thin basal conglomerate

Granodionte porphyry and quartz monzonite porphyu,;

Continental G ranodiorite contains aplite and fine-grained quartz monzonite intrusives
Precambnan .....................

Pinal Schist Hornblende gneiss, granite gneiss, and schist

Broken lines indicate that the adjacent Formations are colltemporancous or that their relations are uncertain

gravel along the Santa Cruz River a few kilometers south-

west of the Mount Wrightson Quadrangle.

2. Structural evolution. The rocks of the Santa Rita

Mountains are abundantly faulted and less commonly

folded. Most faults are complex high-angle structures con-

sisting of many normal faults and some reverse and tear

faults. Other faults are low-angle structures, which are

mainly thrust faults but which include some faults whose

genetic environment is unknown. A few thrust faults are

steeply inclined because of tilting or local irregularities along

the fault plane. Most folds are small open flexures or

drag folds, but a few are nearly isoclinal and have large

amplitudes.

The Santa Rita Mountains consist of three major struc-

tural units whose internal characteristics vary from unit to

unit and whose boundaries are marked by major fault zones.
The units are referred to here as the southwestern, central,

and northeastern units (Figure 5-9). The rocks in the

southwestern unit are typically inclined gently to the south

and are cut by many normal faults. The rocks in the cen-
tral unit are inclined moderately to the east and are cut by

only a few faults, but they are folded in places. The rocks

of the northeastern unit are also commonly inclined mod-

erately to the east, but they are cut by many thrust and tear

faults and are folded in many places. Because of differ-

ences in their structural position and magmatic history, the

three units, at times, developed rock sequences indepen-

dently of each other.
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Table 5-4. Explanation of symbols of Empire Mountains Quadrangle

geologic map

Symbol Age Unit

Qal

Qg

QTg

Tp

Tpc

Tpa

Tpf

Tpl

Tpm
Tr

Ti

Ta

Tql
Tkm

Kg
Ke

Ks

Ksu

Ksw

Kse

Kr

Kf

Kt

Ks

Ka

Kw

Kg

_g

Pry

Pen

Ps

Psu

Psi

IPPe

IPh

Me

Dm

Fa

Cb

peg
pCp

Pleistocene-Holocene

Pleistocene-Holocene

Pleistocene

Oligocene Miocene

Tertiary

Tertiary

Tertiary

Paleocene

Paleocene-Cretaceous

U. Cretaceous

U, Cretaceous

L. Cretaceous

L. Cretaceous

Triassic

Permian

Permian

PenrLsylvanian-

Permian

Pennsylvanian

Mississippi
Devonian

Cambrian

Cambrian

Cambrian

Precambrian

Precambrian

Precambrian

Alluvium

Pediment, fan gravels

Gravel and basin fill

Pantano Formation

Claystone unit

Andesite flow

Conglomerate
Limestone-sandstone

Mud flow

Rhyolitic tuff

Rhyolitic plugs

Andesite

Quartz latite porphyry

Quartz monzonite

Quartz diorite

Quartz monzonite of
Empire Mountains

Salero Formation

Conglomerate, breccia

Rhyodacitic tuff

Andesitic flow

Rhyodacitic sills, dikes

Fort Crittenden Formation

(conglomerate)

Turney Ranch Formation
(mudstone)

Shellenberger Canyon
Formation (mudstone)

Apache Canyon Formation
(limestone shale)

Willow Canyon Formation
(sandstone)

Glance Conglomerate

Gardner Canyon
(mudstone)

Rainvatley Formation
(limestone)

Concha Limestone

Scherrer Formation

Calcareous sandstone

Calcareous sandstone

Earp Formation (siltstone)

Horquilla Limestone
Escabrosa Limestone

Martin Formation

(dolomite)

Undifferentiated

Abrigo Limestone

Bolsa Quartzite

Undifferentiated

Granitoid igneous rocks
Pinal Schist

The major fault zones separating the three structural units

are belts along which rocks are more abundantly and com-

plexly deformed than the rocks within the units them-

selves. The Santa Rita fault zone and fault scar separate
the southwestern and central structural units, and the Saw-

mill Canyon fault zone separates the central and north-
eastern units. These fault zones are identifiable in the

mountains southeast of the Santa Rita Mountains, and they

may be recognizable to the northwest as well.

The tectonic development of the area (Figure 5-10) is

similar to that of the surrounding region, and only the local

record of the development during the Mesozoic time is more
complete than the regional record. The most ancient rocks-
the Pinal Schist and Continental Granodiorite-show

Mazatzal revolution effects which are typical of central
Arizona. Alternating upward and downward, epeirogenic

movements throughout the Paleozoic Era are recorded by

a marine sequence whose continuity is interrupted by sev-

eral disconformities. Strong vertical movements, largely on

faults, occurred at intervals from the Triassic to the Early

Cretaceous times; two stocks were injected into the rocks

of the area at about the end of the Triassic and during
Middle Jurassic times.

During the Laramide orogeny, which lasted from about

90 to 53 m.y. ago, the area was severely deformed. The

orogeny apparently took place in two phases, an early
(Piman) phase and a late (Helvetian) phase, which were

separated by a period of tectonic quiescence 10 to 20 m.y.

in duration. The Piman phase began with folding in the

early Late Cretaceous time and culminated with northeast-

directed thrust faulting of what was probably a single, rela-

tively thin plate mainly composed of bedded rocks. Abun-

dant subsidiary tear faults and folds deformed the plate

during the Piman phase, and some favorably oriented seg-
ments of older faults were reactivated. The Piman phase

ended with the emplacement of several large stocks in the
late Late Cretaceous time. The Helvetian phase of Late

Paleocene age comprised northwest-directed thrust and tear

faulting and emplacement of small stocks. At the close of

the Helvetian phase, plugs and dikes of quartz latite por-

phyry intruded the faults, and mineralizing fluids associ-

ated with these intrusive rocks spread along the faults.

In post-Laramide time, the area was deformed largely

by normal faults. Many of these faults were associated with

Late (?) Oligocene volcanism; others were related to intru-
sion of several dike and vein swarms into east- to north-

east-trending tension fractures. During the Late Tertiary

time, the area was tilted gently southeast on a range-front

fault, along which the youngest movement was Late Pleis-

tocene (Drewes, 1972b).

3. Emplacement of mineral deposits and alteration. Many

areas of the Santa Rita Mountains that lie adjacent to
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Figure 5-8. Diagrammatic east-west cross section through Rosemont area, Structure, alteration minerals, and skam are shown.

northwestern fault zones and Laramide intrusives show

either strong argillic or skarn alteration (Figure 5-11). Car-

bonate lithologies show the alteration sequence of marble

in pure limestones, calc-silicate minerals in silty lime-
stones, and hornfels in siltstones. Felsic volcanic rocks,

intrusives, and clastic sedimentary rocks display weak phyllic

or weak argillic alteration. At the Rosemont Camp, quartz

latite shows weak phyllic alteration, while the Cretaceous
arkose shows weak argillic alteration. The arkose was

selectively pyritized and then oxidized to an orange-red
color at scattered outcrops throughout the area. The majority

of the arkose, however, were pervasively stained by hema-

tite to a deep-red or reddish-brown color that shows little

direct association with pyrite. Still other areas within the

arkose were propylitized and show the presence of epidote

nodules. Cretaceous andesite also present at the Rosemont

deposit was selectively altered to pervasive epidote or

hematite/jarosite. Fresh pyrite was observed within rocks
of the hematite/jarosite zone.

Virtually all the mineral deposits are in rocks that have

been hydrothermally or dynamically altered (Drewes, 1973).

Some deposits are disseminated in, or are replacements of,
favorable lithologies; other deposits occur as epigenetic

veins. Many of the calc-silicate skarn zones contain high

concentrations of metals. Deposits are also concentrated in

vein swarms and along faults around the ore porphyries.

The ore porphyries in the Greaterville and Helvetia Dis-

tricts are quartz latite porphyries and occur as six plugs

and associated dikes. Radiometric dating of biotite con-

centrates from samples indicates an age of 56 m.y. (Drewes,

1973), or Late Paleocene time. The porphyries were proba-

bly emplaced at shallow depths from fairly fluid magmas.

C. History and Production

Mineral exploration began in the Santa Rita Mountains

about 1705, shortly after the first visits of Father Kino to
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the Indian villages along the Santa Cruz River. Silver may

have been mined before the close of the 18th century from

the Montosa, Alto, Salero, and Montezuma Mines along

the west flank of the southern part of the range. Explora-

tion activity was increased after the Gadsden Purchase in

1853, when the region was transferred from Mexico to the

United States. The Old Frijole Mine, reported to be the
oldest in the Helvetia District, was opened in 1880 and

operated for several years. Ore from the district was treated
at the Columbia smelter, located on the west side of the

Santa Rita Mountains near Old Tiptop Campsite. This
smelter was succeeded in 1884 or 1885 by the Mohawk

smelter, owned and operated by the Rosemont Mining and

Smelting Company, which mined from workings near the

Rosemont Camp on the east slope of the Santa Rita
Mountains.

In the early 1890s, the Helvetia Copper Company of New
Jersey acquired holdings near the town of Helvetia and

operated until 1901. The company is reported (Schrader,

1915, p. 96) to have spent $800,000 on development work

that included 8 to 10 km of aerial tramway and a new

smelter, and also to have produced about $400,000 worth

of copper from ore that averaged 8 to 10 percent copper

and contained a small amount of silver and gold.

In 1903, the Helvetia Copper Company of Arizona began

operations that continued until 1911. Its principal holdings

were the Black Horse, Copper World, Heavy Weight, Isle

Royal, Leader, and Old Dick Mines. This company built

and operated a smelter in 1905 that was closed in 1907,
and thereafter the ore was shipped to the Old Dominion

smelter in Globe, Arizona. The total production is not

known, but the following partial production figures are given

by Schrader (1915, p. 97). In 1907, about $40,000 in ore

was shipped and, in 1908, 11,000 tons, valued at $157,000.

In 1909, 1434 tons of copper ore averaging about 5.5 per-
cent copper was shipped to the Old Dominion smelter and,

in 1910, the output was valued at $109,000. The company

discontinued operations in 1911.

The yearly production of the Helvetia District from 1908

to 1950 is given in Table 5-5. Unfortunately, the individual

production of all the mines of the district was never recorded.
Since 1940, however, the bulk of the ore produced from
the Helvetia District has come from the Rosemont lease,

Copper World, Mohawk, and Narragansett Mines.

The Helvetia-Rosemont area is currently under option

by the ANAMAX Mining Company. Recent exploration
activities have included diamond drilling, induced polari-

zation surveys, and geochemical sampling. The initial

reserves of the Rosemont porphyry copper deposit, esti-

mated in 1973, are 340 million short tons of ore averaging

0.63 percent copper (Gilmour, 1982).

III. Evaluation of Nonimage Remote
Sensing Data

A. PFRS Spectra

1. Introduction. In situ spectral reflectance measure-

ments can provide valuable information linking mineral-

ogy, spectral response, and multispectral scanner data.

Measurement of spectral reflectance was done using JPL's

Portable Field Reflectance Spectrometer (PFRS), described

in detail in the Technical Appendix, Section 14. The PFRS
records a continuous, bidirectional reflectance spectrum in

the 0.45- to 2.45-ttm wavelength region of a 200-cm 2area on

the ground. By sequentially measuring the reflectance of a

white standard target, then ratioing the two curves, a rela-
tive reflectance curve is obtained. Further processing by

computer then converts the relative reflectance to absolute
reflectance based on laboratory measurements of the white
field standard.

In operation, 8 to 10 measurements were taken of the
same unit in the field over a 10- by 10-m area. These mea-

surements can then be averaged to obtain a reflectance curve

representative of a particular material. One of the main
benefits of such a procedure over laboratory spectral mea-
surements is the inclusion in the PFRS field of view of soils,

dead vegetation, rubble, etc., which are more representa-

tive of the naturally occurring surface that is actually viewed

by an aircraft or satellite scanner.

In addition, the continuous PFRS curves provide a data

base for simulating various scanner instruments by sam-

pling reflectance values within selected wavelength inter-

vals. Various statistical analyses can be performed on this

data set to examine separability of various rock units using

modeled scanner bandpasses.

2. Spectral measurements. PFRS measurements were

acquired within the Rosemont District at 15 sites repre-

senting 10 different rock types (Figure 5-12): Cretaceous
arkoses in an iron-oxide alteration zone; quartz monzonite

porphyry (quartz latite); Cretaceous arkose; Concha Lime-

stone; limestone conglomerate; Escabrosa Limestone; Bolsa

Quartzite; Abrigo Limestone; arkose conglomerate; Creta-
ceous volcanics. Average reflectance curves and one stan-

dard deviation envelopes for each unit are shown in Figures

5-13 and 5-14; each curve is an average of 6 to 16 measure-

ments. Mineralogy of the samples was determined by X-ray

diffractometry.

The variability of the measurements for a given rock type

is 2 to 6 percent reflectance. This is due to the natural vari-

ability of surfaces measured with an instrument having a
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Table 5-5. Gold, silver, copper, lead, and zinc produced In the Helvetla District, 1908-1950"

Number of

Producing Ore, Gold, Silver, Copper, Lead, Zinc, Total
Year Lode and

tons value oz Ib lb Ib Value
Placer

Mines

1908 3 892 $61 949 91,164 374 $12,611

1909 2 11,187 597 11,698 1,156,604 157,038

1910 3 124

1911 2

1912 4 467 6,353

1913 6 739 64 1,170 62,805 10,392 236,117 24,185
1914 2

1915 6 2,506 248 3,300 349,945 63,161
1916 11 14,609 289 19,300 1,958,825 71,903 499,820

1917 10 18,499 269 24,525 2,615,613 19,171 736,496

1918 8 16,302 56 17,828 2,156,486 12,406 489,163 595,931

1919 7 3,357 300 5,479 414,370 58,432 86,607

1920 6 2,516 8 6,295 401,244 3,618 80,988
1922 |

1923 8 683 163 5,024 69,633 40,590 17,360

1924 4 202 31 1,459 33,585 9,018 6,130

1925 8 319 80 2,500 41,972 6,000 8,300

1926 5 73 1130 150 9,272 3,000 1,765

1927 4 116 136 73 15,332 2,761 2,359

1928 4 150 140 70 18,750 2,700 3,042

1929 6 756 34 852 84,823 2,774 15,592

1930 3 2,258 185 1,282 145,882 80 19,648
1931 I 40

1934 3 32 *3,495 102 3,475 379
1935 I

1937 1938 II 1,403 *3,535 14,874 43,099 20,255

1939 5 69 *105 439 8,875 213 1,336

1940 2 1,115 *280 1,409 163,080 19,710

1941 8 440 *445 1,966 58,300 8,300 9,205

1942 3 4,465 *385 3,631 449,000 3,000 57,497
1943 11 3,639 *945 5,549 309,600 26,200 41,000 51,532

1944 10 20,240 * 1,785 I1,025 1,070,800 67,100 134,000 174,827

1945 7 29,188 *560 10,239 1,516,600 29,500 78,000 224,089

1946 6 44,577 "13,370 12,714 1,904,000 20,000 334,531

1947 9 29,891 *4,340 9,936 1,264,400 3,000 41,800 284,346

1948 9 11,695 *490 5,466 606,400 27,300 27,600 145,584

1949 4 3,170 2,464 266,700 18,200 30,300 61,403

1950 4 1,514 "105 105

Total 227,333 $32,601 181,768 17,290,634 426,032 1,097,980 $3,722,185

aCreasey and Quick, 1955.
Asterisk indicates conversion from ounces to dollar value.

field of view of 200 cmL More or less soil, rock fragments,

outcrop, and grass randomly occur in the field of view; in

addition, some heterogeneity of the rock-type mineralogy

may be expected on scales of a few meters. The average

curves are more representative of a larger field of view such

as might be imaged by a scanner. While no systematic

attempt was made to obtain data on a detailed grid basis,

obtaining a number of measurements in a 10- by 10-m area

provides a more useful approximation of a natural surface's

reflectance characteristics.

Cretaceous volcanics with iron-oxide alteration (Figure

5-13a) show three major absorption features in the reflec-

tance curve. The dip at 0.85 ttm and smaller features at

0.65 and 0.45 Bm are due to ferric iron oxide in the form of

hematite. The sample site is located in the large hematitic

alteration area east of the Rosemont deposit and appears

brick red in the field. Hematite is developed from oxida-

tion of pyrite; casts of pyrite and occasional cubes of pyrite

were observed on some outcrops. The dip at 2.2 _m is due

to the presence of kaolinite, whose major absorption band
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in this wavelength region is at this position (Hunt et al.,

1973). The high reflectance at 1.6/_m is typical of hydro-

thermally altered rocks whose spectral response is domi-

nated by the iron charge transfer band in the ultraviolet,

causing the sharp falloff in reflectance at shorter wave-
lengths, and the major water band at about 2.7 _m, caus-

ing the falloff at longer wavelengths. These features can be

exploited in the scanner data to highlight the presence of

iron oxides and hydrous minerals.

The quartz monzonite porphyry curve (Figure 5-13b) is

from an area of alteration, characterized by oxidation of

mafic minerals to iron oxides and alteration of feldspars to

clay (phyllic/argillic alteration). Iron-oxide bands are
moderately well expressed-the broader absorption fea-

ture near 0.9/tm indicates the presence of limonitic/goe-
thitic iron oxides, rather than hematite; the 2.2-/_m

absorption band is due to the presence of kaolinite.

Cretaceous arkose (Figure 5-13c) again shows iron-oxide

and clay-related absorption bands. The iron bands indi-
cate a combination of hematite and goethite; the 2.2-/tm

band is not as deep as the previous two curves, suggesting

weaker clay development. The spectral features are due to
oxidation of the original mafic minerals and probably are

not related to hydrothermal alteration phenomena.

The three limestone curves (Figures 5-13d, 5-14a, and

5-14c) for Concha, Escabrosa, and Abrigo are quite similar.

They show a smooth, featureless rise in reflectance from

0.4 to 1.6 _tm and a major absorption band at 2.35 _m. This
band is due to overtone and combination tones of the

internal vibration of the CO 3 radical (Hunt and Salisbury,

1971a). The falloff toward short wavelength and lack of

discrete absorption bands may indicate the presence of small

amounts of ferric iron. The carbonate absorption band can

be used in scanner data to highlight the presence of these
limestones.

The limestone conglomerate (Figure 5-13e) shows a slight

dip at 2.35 _m due to carbonate, a band at 0.65 _tm from

iron, and a general flattening of reflectance between 0.8

and 1.2 _m, also due to iron.

Bolsa Quartzite (Figure 5-14b) shows similar iron fea-

tures between 0.4 and 1.2/_m and a slight band at 2.2 ttm.

The sample site is in an outcrop area near the quartz mon-

zonite intrusive; copper-oxide mineralization occurs nearby

along fractures in the quartzite, indicating hydrothermal

fluid activity. The clay band is due to alteration of feld-

spars in interbedded shales and the soil derived from them.

The generally low reflectance values are due to opaque

minerals which depress the curve. Clean quartzites are

lighter and spectrally featureless.

Arkose conglomerate (Figure 5-14d) and Cretaceous

volcanics (Figure 5-14e) are quite similar. Iron-oxide

absorption bands are evident at 0.45, 0.65, and more broadly

near 0.9 _tm. The feature at 2.35/tm is due to the presence

of an Mg O-H absorption band found in some mafic

minerals; these rocks do not contain any carbonate.

3. Statistical analysis of PFRS data

a. Introduction. The continuous 0.45- to 2.45-_m wave-

length region spectra acquired by the PFRS provide an

opportunity to simulate the spectral bandpasses of existing

and theoretical scanners. By computing the equivalent band

responses of these instruments, it is possible to examine on

a statistical basis separability of rock types as a function of

wavelength bands. This type of analysis has been used in

the past to examine plutonic rocks (Blom et al., 1980) and

sedimentary rocks associated with uranium mineralization
(Conel et al., 1980). A more general study (Wiersma and

Landgrebe, 1980) presented a scheme for analytical design

of multispectral sensors using an overall performance mea-

sure, probability of correct classification.

This type of analysis covers only one aspect of sensor

performance, the spectral bandpasses. Other factors, such
as atmospheric effects, spatial averaging due to variable

field of view, radiometric sensitivity, and instrument

response, are not considered. Nevertheless, the spectral

regions are probably the most important factor affecting

the ability to separate various rock types.

b. Discriminantfunction ana!ysis. The technique used here

is stepwise linear discriminant function analysis, part of the
BMDO7M computer package from the University of Cali-

fornia at Los Angeles (Dixon, 1970). The mathematics of

discriminant analysis are fully discussed by Jennrich (1977).

Briefly, the program develops group classification func-
tions (linear combinations of the surveyed spectral chan-

nels) based upon training data (sets of PFRS measurements)
provided by the user for each group. The classification

functions result from linear operations performed on each

variable (each spectral channel) and are developed in a

stepwise fashion by surveying the available variables and

adding the most useful variables to the analysis. The utility
of each variable for discrimination among the groups is

thus assessed. After development of the group classifica-

tion functions, the members of the training sets are classi-

fied, allowing one to determine to what degree sufficient

information exists in the data to discriminate among the

chosen groups. The output of the program includes mat-
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rices that depict the classification accuracies, order of band

selection in terms of relative importance for classification,

and group classification functions for classifying unknown
members.

c. Results of the analysis. For the Helvetia PFRS data,

two different groups of rocks were examined: three lime-

stones and ten different rock types. The spectral bands of
five different sensors were simulated: Landsat Multispec-

tral Scanner (MSS), M2S 11-channel, Landsat 4 Thematic

Mapper (TM), NS-001, and a theoretical scanner with 30

equally spaced wavelength bands 0.05 #m wide (Table 5-
6). For the first four sensors, filter functions for the respec-

tive bands were convolved with the PFRS spectra to calcu-

late the equivalent band reflectance values. These values
were then the variables used for the analysis.

The first series of the analysis examined separability

among the three limestones-the Escabrosa, Abrigo, and
Concha-using 29 PFRS spectra as the data base. In the

field, the Escabrosa and Concha appeared quite similar

medium to dark gray, coarsely crystalline, massively bed-

ded. The PFRS spectra, however, appear similar for all three

units. Figure 5-15 presents matrices, percent correct classi-
fication, and order of band selection for the five sensors

analyzed.

The classification matrices depict the assignment of spectra
to the three groups. For example, in the Landsat MSS

matrix, three spectra of A are correctly classified as A; one

is incorrectly classified as B; three are incorrectly classified

as C. Correct assignments occur along the principal diago-

nal. Landsat MSS wavelength bands are the poorest in

accuracy, providing 62 percent correct classification (18 of

the 29 spectra). Using 10 wavelength bands from the M2S

scanner (no thermal channel), 83 percent accuracy is
achieved. The first band, 0.52 ptm, is where the three have

different relative reflectances: 15, 17, and 19 percent for

Abrigo, Escabrosa, and Concha, respectively. Similar rela-
tive differences occur at the other wavelengths; after

inclusion of more of the variables, only five samples are

misclassified. Landsat 4 bands are less accurate: 76 per-

cent. The 1.65-t_m band is the first one selected, followed

by bands at 0.83 and 0.56 _tm. At 1.65 _m, Concha Lime-

stone has the largest reflectance difference compared to the

other two (41 versus 47 percent). In the 0.83- and 0.56-_tm

bands, the Escabrosa and Abrigo have different reflec-
tances from each other. The addition of the 1.15-_m band

with the NS-001 improves the accuracy to 90 percent. This
band is selected second; all three limestones differ in

reflectance values here. Using the 30-channel scanner,

complete separation of the groups is achieved. Four of the
first seven bands selected are between 2.0 and 2.4 _m, the

region where the pronounced carbonate absorption feature

occurs. The other three bands are at wavelength positions

similar to the 0.56-, 0.66-, and 0.83-/Lm bands of Landsat 4.

This implies that these bands are well suited for separating

these particular rock groups. They were selected for inclu-
sion on the satellite scanner on the basis of vegetation

spectral characteristics, not on rock characteristics. It is for-
tuitous that the coincidence will benefit geologists also.

The second analysis involved 10 rock-type groups of PFRS

data (Figure 5-16). Classification accuracy for the four real

scanners is relatively poor, ranging from 50 percent for

Landsat to 68 percent for Landsat 4 and NS-001. Some of
the misclassifications are minor (one limestone is classi-

fied as another); others are major. This seems to indicate

that wavelength bands on existing instruments are not well

suited for separating this particular suite of rock types. One

possible explanation may be in the variability of spectra
included for any particular group. The inhomogeneity of a

single unit sampled in the field can be due to the presence
of more or less lichen cover, different degrees of weather-

ing, variable proportions of soil versus outcrop, variable
grass cover, and natural inhomogeneity in the unit. A far

more extensive sampling scheme could solve these prob-

lems. The 30-channel conceptual scanner provides 95 per-

cent classification accuracy. Again, the first four bands
selected are similar to the 0.56-, 0.66-, 1.65-, and 2.2-/tin

Landsat MSS

Table 5-6. Spectral bands of five simulated sensors

MZS I I-channel Landsat 4 TM NS-001 3()A_,

0.5 0.6ltm 0.33 0.44tzm
0.6 0.7 0.44-0.48

0.7 0.8 0.49 0.54

0.8 1.1 0.54-0.58

0.58 0.62

0.62 0.66

0.66-0.70

0.70 0.74

0.76 0.86

0.97 1.065

0.45 0.52 ttm 0.45 0.52 tLnl 0.425-0.475 p,m

0.52 0.60 0.52 0.60 0.475 0.525

0.63 0.69 0.63-0.69 0.525 0.575

0.76 0.90 0.76 0.90 •

1.00 1.30

1.55 1f15 1.55 1.75 •

2.{)8 2.35 2.08 2.35 2.425 2.475
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Figure 5-15. Results of linear dlscriminant function analysis of PFRS data for three limestones. Five scanners were simulated from the

continuous spectral data: (a) Landsat MSS; (b) M2S 11-channel; (c) Landsat 4 TM; (d) NS-001; (e) 30 _1_,.Classification matrix, percent

correct classification accuracy, and order of band selection are shown.

bands of Landsat 4. The major difference is the width of
the 30 wavelength bands, 0.05/zm compared to an average
width of 0.13 _m for the Landsat 4 Thematic Mapper bands.

This indicates that narrower spectral bands may be neces-
sary to separate the particular group of rocks analyzed here.

B. M2S Image-Derived Spectra

1. Introduction. Multispectral scanners record radiance
values which are a function of many factors: instrument
detector response characteristics, reflectance of the ground
surface, atmospheric transmittance between ground and
sensor, upwelling atmospheric radiance between ground and
sensor, atmospheric scattering contributions, and transmit-
tance of the optical system (Slater, 1981). To use a scanner
as an imaging spectrometer, it is necessary to extract the
ground reflectance term from the other radiance contribu-
tions by calibrating the data in some fashion. There are
two different approaches to accomplish this: (I) to mea-
sure and/or model all the contributions other than the
reflectance term, and (2) to use ground reflectance mea-
surements as calibration points and fit the radiance data to
the measured reflectance values. Various attempts have been
made to determine analytical solutions based on model-

ing and measurements of atmospheric terms and instru-
ment factors (Hulstrom, 1975; Turner et al., 1975). These

approaches are difficult and approximate due to inaccu-
racies in atmospheric models, sensor characterizations, and
atmospheric measurements. The second method is empiri-
cal, requiring only ground spectral reflectance measure-
ments in the area imaged by the scanner. This latter

approach is used here to calibrate the M2S data and pro-
duce relative reflectance curves for various rock-type units.

2. Procedure and spectra. Eleven rock types were selected
(Table 5-7), and outcrop areas were identified in the M2S

image based on the geologic map. Digital number (DN)
values were extracted from the digital data for the 10 visi-
ble and near-infrared channels for areas of about 5-by-5 to

10-by-10 pixels for each rock type (75- by 75-m to 150- by
150-m areas). These values and their standard deviations
are shown in Table 5-8.

Hematitic arkose was chosen as the unit to use for cali-

bration because PFRS spectra for this outcrop were avail-
able and the area was large enough on the image to be
confidently located and delineated. The PFRS reflectance
curves for this unit were used to calculate the equivalent
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Figure 5-16. Results of linear discrlminant function analysis of PFRS data for 10 rock types. Five scanners were simulated from the contin-

uous spectral data: (a) Landsat MSS; (b) M2S 11-channel; (c) Landsat 4 TM; (d) NS-001; (e) 30 A_,. Classification matrix, percent correct

classification, and order of band selection are shown.

wavelength response for each of the 10 M2S bands. The

PFRS values and DN values are shown in Table 5-9. By

dividing PFRS values by DN value (A/B in Table 5-9), a

scaling factor was dctermined that related PFRS reflec-

tance to DN values within each spectral channel of the M2S.

The calibration procedure then consisted of multiplying
the scaling factor times the DN values for each of the rock

Table 5-7. Rock types identified in the M2S image

Group Rock Type

I ttematitic arkose

2 Concha Limestone

3 Willow Canyon sandstone

4 Altered Concha Limestone

5 Altered latite porphyry intrusive

6 Precambrian granodiorite

7 Hermosa Limestone

8 Shellenberger siltstone

9 Earp sandstone

10 Tertiary granodiorite

11 Bolsa Quartzite

types for each channel to produce relative reflectance val-

ues. Plots of the raw DN values and the corresponding rel-

ative reflectance values are shown in Figure 5-17.

The shapes of the raw DN spectra are all quite similar
and bear no resemblance to actual reflectance curves. This

is due to the DN values being proportional to measured
radiance values, convolved with the atmospheric and

instrumental factors previously discussed. The latter effects
are dominant, judging from the U-shape of the curves. After

calibration, the image spectra appear similar to measured

reflectance curves. The dominant feature is the general

falloff in reflectance toward shorter wavelengths. This is

due to the presence of an intense iron absorption band in

the ultraviolet; the falloff is one wing of this band. Other

absorption bands due to iron oxides dominate this part of

the electromagnetic spectrum (Hunt and Salisbury, 197 ! b).

In particular, hematite shows absorption features centered

near 0.57, 0.67, and 0.85 /.tm; goethite has fcatures near

0.55, 0.6, and 0.95/*m. Possible evidence for the presence

of iron-oxide minerals can be seen, particularly in the curves

for Tertiary granite, Bolsa Quartzite, and Shellenberger
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Group No. Pixels

Table 5-8. M2S DN values and standard deviations

Channel�Central Wavelength, #m

I/0.42 2/0.46 3/0.52 4/0.56 5/0.60 6/0.64 7/0.68 8/0.72 9/0.81 10/1.0

1 400

2 400

3 400

4 400

5 400

6 400

7 225

8 4o0

9 I01)

10 225

11 400

63,4 66,5 57,4 50,4 49,5 52,6 51,7 80,7 94,7 102,9

106,7 118,9 92,6 75,5 69,5 70,5 68,5 97,4 111,5 111,5

106,5 120,7 95,5 78,4 75,4 78,4 80,5 112,4 132,5 146,5

86,6 96,8 79,5 66,4 61,4 62,4 61,5 91,4 108,4 115,5

75,3 81,4 69,3 59,3 56,3 58,4 58,5 88,4 103,5 112,6

97,4 109,5 89,4 77,4 73,5 76,6 76,6 114,5 14_4 151,5

109,3 126,3 102,2 85,2 79,2 82,3 82,3 118,3 140,3 152,4

101,3 113,4 91,3 78,3 73,4 76,4 75,5 102,4 116,5 121,7

111,2 121,1 95,.1 80,1 74,1 76,1 76,1 114,1 140,2 148,3

116,3 1343 109,3 94,2 90,3 94,3 86,3 132,3 156,3 169,3

127,3 132,3 100,2 84,2 81,3 85,3 86,4 116,4 133,4 142,3

siltstone. A dip in reflectance occurs at 0.85 _tm, a pro-

nounced low at 0.55 _m, and a dip at 0.65 /_m (granite

curve).

A direct comparison of two of the image spectra with

actual PFRS spectra is presented in Figure 5-18 for Shel-

lenberger sihstone and altered intrusive. The altered intru-

sive has a weak absorption band at about 0.9 _tm, and a

strong falloff toward the short wavelength, particularly

between 0.6 and 0.5/_m. These features can be clearly seen

in both curves for the intrusive. Shellenberger curves have

stronger absorption features than the intrusive in both

curves. The deeper 0.9-_tm band is clearly evident, as is

the more pronounced drop in reflectance between 0.6 and

0.5 _Lm.

The image spectra produced by this simple calibration

technique allow the aircraft scanner to be used as a spec-

trometer, providing spectral "curves" which depict miner-

alogical information. There are, however, limitations

inherent in this procedure. First, there is the spectral reso-

Table 5-9. PFRS and M2S DN values for hematitJc arkose

Channel - "
Reflectance (A)

PFRS, %

DN (B) Factor (A/B)

I 5 64 0.08

2 6 66 0.09

3 7 57 0.12

4 8 50 0.16

5 13 49 0.27

6 15 52 0.29

7 17 51 0.33

8 19 80 0.24

9 19 94 0.20

10 25 101 0.25

lution restriction due to the positions and number of spec-

tral bands on the instrument. In the case of the M:S scanner,

there are only two bands beyond 0.75 pro; therefore, only

crude resolution of the shape of the 0.9-/.tm ferric iron

absorption band is possible. Second, this procedure com-

pares two different sampling schemes: the PFRS curves are

averages of eight measurements covering an area of about

i0 by 10 m; the M:S curves are computed from pixel aver-

ages covering an area about 150 by 150 m. If the sampled

unit is homogeneous at this scale, the two curves will appear

similar; if greater heterogeneity occurs, the PFRS sam-

pling bias and lack of ability to measure a very large area

can make the curves appear quite different. The similarity

of the two examples shown suggests that the two units

examined are relatively homogeneous at the varied mea-

surement scales. A more systematic ground sampling scheme

could verify the value of this approach.

IV. Evaluation of Photography, Radar, and
Landsat Data

A. Color Aerial Photography

l. Introduction. True-color aerial photography was

acquired simultaneously with each of the aircraft multi-

spectral scanner data overflights. The photographs were

obtained using a 6-in. focal length camera and recorded on

9- by 9-in. film transparencies with 60 percent overlap

between succeeding frames. The photographs werc used in

the field for location purposes and were also interpreted

for geologic information. They were used at their original

scale of about 1:70,000, and interpretive overlays were

produced either from the original transparencies or from

contact prints.

2. Interpretation of photographs. A photograph cen-

tered near Rosemont is shown in Figure 5-19. This photo-
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Figure 5-17. M2S image spectra. Raw DN values (broken lines) and calibrated relative reflectance values (solid lines) are shown Ior 11 rock

types. Dols are M2S band centers. Calibrat|on procedure transforms U-shaped raw DN curves to curves resembling measured retlectances.

graph was interpreted, and the results are shown in Figure

5-20. One of the most obvious features in the photograph

is the large reddish area corresponding to the argillic and
hematitic alteration of the Cretaceous volcanic sediments

and arkoses. The distinctive tonal anomaly produced by

development of hematite allows this area to be easily iden-

tified. Paleozoic limestones appear light gray in color in

the northern part of the photograph, and darker in the south.

Their distinctive color allows them to be recognized and

identified as limestones. Precambrian granites can be dis-
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Figure 5-19. Mosaic ol color aerial photographs of a 5- by 5-kin area around Rosemont. Photographs were acquired October 13, 1978
coincident with NS-O01 near-noon overflight,
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criminated based on uniform texture, vegetation cover, and
tone. The Abrigo and Bolsa Quartzite form resistant knobs

and ridges at the range crest and can be delineated based

on their geomorphic appearance. The arkoses and sedi-

ments that underlie the eastern half of the photograph
present a uniform appearance of fine-grained dendritic

drainage patterns, low to moderate topography, and a tan

color. Tertiary dikes in the southwestern part of the photo-

graph are recognizable by their sharp linear appearance

crosscutting the topography and by their white color. Faults,

shear zones, and lineaments are mainly expressed by straight

topographic alignments, dominantly streams or drainages.

Small faults are inferred where apparent offsets can be

mapped in the Permian limestones.

A drainage analysis was done using the aerial photo-

graph overlapping to the north. The drainages were traced

onto transparent mylar (Figure 5-21), and a 10-by-10 grid

was superposed on the map. The numbers of drainages were

counted for each cell, then contoured (Figure 5-22). This

procedure was done to determine if some of the rock types

could be characterized and separated based on their geo-
morphology. Drainage density is controlled by substrate

porosity, permeability, jointing, fracturing, bedding, etc. The

high density of drainages in the lower right corner corre-

sponds to the area of Quaternary-Tertiary gravels, which

are relatively unconsolidated and develop a fine dendritic

drainage pattern. The east-west-trending high (value of 25)

corresponds to the altered arkoses. The higher drainage

density compared to similar unaltered rocks to the north

may reflect physical breakdown of the rock due to altera-
tion. The altered rock is softer than unaltered materials and

more susceptible to drainage development. Bedrock areas

have the lowest drainage density and develop a coarser
overall texture.

B. Radar Data

I. Introduction. Microwave remote sensing is a rela-

tively new field, initially developed during World War II.

Active radar systems have been used to generate radar
images for a variety of geoscience studies. Radar has sev-

eral advantages and differences compared to conventional

camera systems. The major advantage is radar's ability to

penetrate clouds, smoke, and fog; in addition, because the

system is an active one providing its own illumination, data

can be obtained at virtually any time. The major difference

lies in those physical parameters and characteristics that

affect the radar backscatter and, hence, control the appear-

ance of the imaged terrain. The signal strength returned to

the radar antenna is a function of the transmitted power,

wavelength, polarization, and viewing geometry. Geomet-

ric and physical properties of the surface also strongly
influence the radar return. Surface roughness is one factor

that determines whether an area will look bright or dark

on a radar image. For root-mean-square (rms) surface

roughness much less than one-tenth of the radar's wave-

length, the surface will appear smooth and generally bright;

for surface roughness approximately one wavelength, the

surface will appear rough and dark since most of the trans-

mitted energy will be scattered and little will be returned

to the radar receiver. The electrical properties of the sur-

face (complex dielectric constant) will also affect the radar

return. Significant increases in the dielectric constant usu-

ally result from changes in moisture content; an increase in

moisture content increases the reflectivity and therefore the

level of the signal return (MacDonald, 1980).

Two different synthetic aperture radar data sets were
examined for Helvetia: aircraft X-band data, in like- and

cross-polarized returns, and satellite L-band radar data

acquired by Seasat. The X-band data were at 3-cm wave-
length, and the L-band were at 25 cm.

2. Aircraft X-band radar data. Two flight directions were

used to obtain aircraft X-band data with Johnson Space

Center's radar system: north-south and northeast-south-

west with a depression angle of 40 ° to 60 °. The look-direc-
tions were to the west and northwest, respectively. For each

of the data passes, both like-polarized (HH) and cross-

polarized (HV) data were acquired simultaneously. Exami-

nation of the two polarizations failed to reveal any signifi-

cant differences between them. According to MacDonald

(1980), where the terrain is rough in comparison to the radar

wavelength, there should be little difference between

polarizations. It is only for very smooth surfaces, such as

grassland or marshland regions, that a marked difference
will occur.

The north-south line is shown in Figure 5-23. The east
sides of topographic features are bright (illuminated) and
the west sides are shadowed. Two main characteristics of

this image bring out geologic features: texture and linear

features. The young alluvial fans on the west side of the

range appear smooth; they are only weakly dissected and

are fairly homogeneous. In marked contrast are the Qua-

ternary-Tertiary gravel deposits in the southeastern quarter

of the picture, which show an extremely well-developed

drainage pattern and appear much "busier." The Tertiary-

Cretaceous sediments and volcanics in the northeastern part

of the scene show more rounded topography and a coarser
drainage pattern. Granite, sediments, and other rocks

forming the Santa Rita Mountains stand out in stark topo-

graphic relief.

Mapping of linear and curvilinear features is shown in

Figure 5-24. These features are recognized mainly by
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drainage alignments, straight drainage segments, and straight

ridge crests. Some of these features correspond to mapped

faults (i.e., Sycamore Canyon Fault). Thrust faults are not

recognizable since they do not have topographic expres-

sion. Some features may correspond to previously unmapped
faults. However, these were not field checked, so no con-

clusion can be made regarding their origin.

Similar features are observable on the northeast-south-

west line (Figures 5-25 and 5-26). The interpretative map

shows several elliptical features of unexplained origin and

a large north-south-trending lineament going through the

Rosemont District. The southern part of this feature corre-

sponds to the mapped Deering Fault. However, the north-

ern extension is not mapped and may indicate that this

fault is more regionally extensive than previously recognized.

3. Seasat satellite L-band data. The Seasat orbital radar

satellite operated for 3 months during 1978 and acquired
100-km swath-width images over 100 million square kilo-

meters of the land and sea surface of the Earth. The system

was an active L-band radar, with a depression angle of 70 °.

Because of this viewing geometry, extreme foreshortening
resulted where foreslopes as seen by the radar exceeded

about 20 ° (Ford et al., 1980). The scene covering the Hel-

vetia area was digitally processed at JPL and covers about

100 by 100 km, centered over the Sierrita Mountains (Fig-

ure 5-27). The look-direction is from the west as can be

inferred from the shadowing. The layover distortion is quite

obvious in the mountains-all the peaks and ridges "lean"

toward the west and topography is compressed on the west

side of the mountains. The darkest areas in the scene (except

for shadowed areas) are the tailings associated with the

copper mines on the east side of the Sierritas. These are
smooth relative to L-band wavelength and are inclined

nonperpendicular to the look-direction; therefore, most of

the radar signal is reflected away from the receiver.

Almost no tonal information can be seen relative to dif-

ferences in rock type. The major variation is due to drain-

age density and topographic differences between bedrock

areas (brighter) and alluvial regions (darker). Most of the
information discernible in the data is related to topogra-

phy. A lineament interpretative map of the image is shown

in Figure 5-28. Some of the lineaments coincide with

mapped faults depicted by Drewes (1980) such as the Saw-

mill Canyon and Dural Faults. Most of the lineaments do

not correspond to recognized faults and are probably for-

tuitous straight topographic elements (drainages and ridges)

that are not structurally controlled. Without detailed field
examination, the cause of these features cannot be

determined.

C. Landsat MSS Data

1. Introduction. The Helvetia Landsat data consisted of

three scenes acquired in June 1974, March 1975, and Octo-
ber 1975. The data were computer processed for interpre-

tation; the full scenes were interpreted at a scale of

1:500,000; subscenes were analyzed at 1:125,000. Process-

ing algorithms used were decorrelation enhancement, band

ratioing, and principal components analysis (see the Tech-

nical Appendix, Section 14, for details of computer algo-

rithms). Color photographic products were made from the
enhanced data for maximum display of information, and

prints were used as working copy.

Landsat data were acquired in four spectral bands in the

0.5- to l.l-_m wavelength region. Each scene covered an
area of 185 by 185 km, with an instantaneous field of view

of 80 m. The time of satellite overpass was approximately

10 A.M. local time, with repeat coverage of the same area

every 18 days. Data were recorded in digital format for

computer processing and enhancement.

2. Lineament analysis. The synoptic, equal-illumination

images provided by Landsat present an ideal opportunity

for examining the regional structural fabric of an area. Many

workers have mapped lineaments from Landsat data.

Shoemaker et al. (1978) used Landsat images to extend the

known traces of the Bright Angel and Mesa Butte fault sys-

tems in northern Arizona. Sawatzky and Raines (1982)
examined lineaments in Sonora, Mexico, using Landsat data.

They interpreted lineaments from images, digitized the

lineament data, then computed strike-frequency histo-

grams and determined numerically significant trends. Maps

depicting concentrations of linear features having signifi-

cant trends were compared with geologic and geophysical

data to produce a synthesis of a regional tectonic model.
Details of their results will be discussed later in compari-
son with work done on Helvetia.

Computer processing of lineament data provides an

objective method for evaluating what would otherwise be

a hopeless mass of lines on a map. Often, visual inspection

fails to reveal significant features or trends to be extracted

from a lineament interpretation map.

An early study using mapped faults as input data was

done by Carson (1969) for an area in southeastern Arizona

and southwestern New Mexico. He digitized 2500 faults

from published and unpublished geologic maps, then used

a computer algorithm to count the length-weighted fault

elements for I ° increments. Trends of higher than back-

ground values were plotted and indicated as "structural
trends," which may correlate with tectonic boundaries or

subsurface basement features (Figure 5-29). Carson found
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Figure 5-21. Drainage map produced by tracing streams and drainages from a color aerial photograph
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Figure 5-22. Contour map of drainage density from Figure 5-21. Highest density overlies Quaternary-Tertiary gravels in lower

right corner of map.
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Figure 5-23. X-band aircraft image of the Helvetia-Rosemont area: north-south flight line with illumination to the west
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Figure 5-24. Interpretative map of Figure 5-23 showing linear features recognized

and mapped faults
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Figure 5-25. X-band aircraft image of the Helvetia-Rosemont area: northeast-southwest flight line with illumination to the northwest

5-40



LOOK
ANGLE

f "%

[ I ._ _ "" -- _,
\ / / \

\ !

\\ / \

Vk',' t
'\k i. 2J

\\

"//_/,'_- _.,.x,<_,
DIRECTION i i . "-' i / ,_ --DISTRICT

HELVETIA .

DISTRICT / / _/

o
I

o
!

1 2mi

1 2 3 km
I I I
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Figure 5-27. Seasat orbital L-band radar image including Helvelia-Rosemont area, Llthologic discrimination is minimal; the principal
information that can be extracted is structural or topographic.
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Figure 5-29.Structural trendsIn southeasternArizonaderived from
analysisof mapped faults (Carson, 1969)

five trends in the area covered by the Helvetia Landsat

coverage: N49 °W, N27" W, N5 ° W, N44 ° E, and

N 72 ° E, four of which intersect near the Helvetia, Pima/

Mission, Twin Buttes, Sierrita, and San Xavier copper

deposits. These will be compared with a similar analysis

using Landsat data later in this section.

The October Landsat frame for Helvetia was interpreted
lbr lineament features. In this analysis, a lineament is defined

as a linear or curvilinear feature identifiable by an inter-

preter from an image. These features may be faults, frac-

tures, joints, lithologic contacts, cultural features, or artifacts.

They are expressed on the image by tonal or textural dis-

continuities or alignments. A map of the lineaments is shown

in Figure 5-30. The product used for interpretation was a
color composite of bands 4, 5, and 7 (false-color infrared

composite). The October frame was selected as the one with
the lowest sun elevation of the three scenes available to

enhance topographic features; a color composite was used

to enhance tonal or spectral boundaries. The lineament map

was digitized, and computer algorithms were used to com-

pute information. The frequency versus azimuth of linea-

ments for the entire scene was computed and plotted as a

rose diagram (Figure 5-31). Three trends stand out above
the background: N 50 ° W, N 45 ° E, and N 85 ° E. These

correlate with three of Carson's trends based on map infor-

mation. Davis (1981), in his paper on tectonics of south-

eastern Arizona, lists eight directions of deformation since

Precambrian time (Table 5-10). The N 45 ° E trend appears
to correlate with his older Precambrian trend, which is bet-

ter expressed in northern Arizona (Shoemaker et al., 1978)

and northern Sonora, Mexico (Sawatzky and Raines, 1982).

The N 50 ° W trend corresponds to his Paleozoic and

Mesozoic faulting and folding events. The N 85 ° E vend

correlates with the Laramide faulting that was accompa-

nied by intrusions and porphyry copper mineralization.

The lineaments were counted on a 10- by 10-km grid,

and the total density was contoured (Figure 5-32) to exam-

ine the pattern of concentration and to assess how it might
relate to regional tectonics. Also shown in Figure 5-32 are

five tectonic boundaries, defined by Titley (1976), based on

paleostratigraphic and fault evidence for Mesozoic bound-
aries. The lines define tectonic blocks, which have had dif-

ferent histories of deformation and sedimentation. The

lineament density map is negatively correlated with Titley's

boundaries; i.e., his lines correspond to density lows. This

may be due to the development of valleys and thick

sequences of valley fill along these structural zones, so that

higher density of lineaments would be seen in the moun-
tain blocks between the zones.

The major trend seen on the lineament contour map is a

strong northwest grain. This correlates overall with Titley's

northwest-trending structural blocks.

Comparison with Carson's trends based on map data

(Figure 5-29) shows some correlation. His N 27 ° W trend

corresponds to the lineament density high going north-
northwest through the Dragoon Mountains. The N 49 ° W

trend parallels the Sawmill Canyon trend and a series of

lineament density highs. The N 44 ° E trend is weakly

expressed by an alignment of density highs southwest of

Nogales, in the Santa Rita Mountains, in the Rincon
Mountains, and northeast of the Rincons. The N 5° W and

N 72 ° E trends are not corroborated by the density map.

The Residual Aeromagnetic Map of Arizona (Sauck and

Sumner, 1970) lends strong support to Titley's theory of

northwest-trending structural blocks (Figure 5-33). The

dominant magnetic grain is northwesterly. A large contin-

uous zone of magnetic lows follows the Sawmill Canyon

structure; a zone of highs lies along the Silver Bell Bisbee
structure. There is also excellent evidence for the Dragoon

structure shown as a series of northwest-trending highs:

Carson's trends match rather poorly with the magnetic data.

This may indicate that his analysis, which relied on an

uneven grid of ground mapping, may have used the wrong
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Figure 5-30. Lineament interpretationmap producedfrom October 1975 Landsat scene oversoutheasternArizona,The Rosemont-
Helvetia test site is at the center of the map.
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Figure 5-31. Rose diagram summarizing strike-frequencydistribu-
tion of lineaments Interpreted from Landsat scene. Trends above
backgroundoccur at N 50° W, N 45 ° E, and N 85° E.

data base for structural analysis. This work was done prior

to Landsat data availability, and this serves to emphasize
one of the major uses of Landsat data.

Sawatzky and Raines (1982), in their Landsat interpreta-

tion of Sonora, Mexico, recognized zones of northeast-

trending lineaments which they interpreted as zones of

shearing. These zones were intersected by northwest-trend-

ing zones. The intersections seemed to have a high correla-

tion with occurrence of alteration and mineral deposits.

The U.S. extension of their northwest-trending zone lines

up with the lineament density high between Nogales and

the Baboquivari Mountains, also defined by Titley as the

Comobabi-Nogales zone. One of their northeast zones, if

projected into the United States, would extend through

Nogales into the Helvetia scene. Some indication of this

feature can be seen as an alignment of lineament density

highs at Nogales and the Santa Rita Mountains•

Age Direction Nature

3. False-color infrared composite. The June 1974 Land-

sat scene was processed using decorrelation stretching. This
algorithm, developed by Soha and Schwartz (1978), Js a

color enhancement procedure. Data from bands 4, 5, and 7

• were input into the program and a principal components

rotation was performed. The data then fell on three new

orthogonal axes. A stretch was performed on the new axes,
and the stretched data were then retro-rotated back to the

Older Precambrian N 50° E Folding

Precambrian N 15° W Rifting

Paleozoic N 40° W Faulting

Jurassic Cretaceous N 46° W Folding, thrusting

Laramide N 80° E Faulting, intrusion

Paleocene-Eocene N 31oW Core complex deformation

Oligocene-Miocene N 31° W Faulting

U. Miocene N 20° W Basin-Range faulting

_After Davis (1981).

original 4-5-7 coordinate space. A color composite was

made by displaying MSS bands 4, 5, and 7 as blue, green,

and red, respectively (Figure 5-34). The effect of this pro-

cess is to maintain the hue information and to exaggerate
the intensity and saturation of the colors.

As a result, the processed picture is dominated by sev-

eral colors. Heavily vegetated mountain areas are bright

red; this changes to pink as the vegetation density decreases

at lower elevations. The red color is due to high reflectance

in band 7 by vegetation. Blue areas represent spectrally flat

materials of varying albedo. Because Rayleigh atmo-
spheric scattering is strongest at shorter wavelengths, spec-

trally fiat materials have a blue contribution from the

atmosphere in band 4, stronger than the scattering compo-

nent in the red or infrared. Blue areas also include tailings

piles at mine locations, basalts, and Wilcox Playa. These

areas contain materials whose spectral reflectance values

are about the same in each of the Landsat bands, although
of different overall albedos.

Green and yellow areas coincide with valley fill material

and sediment trains derived from outcropping intrusive

rocks. Spectrally, the green color arises from materials whose

reflectance in band 5 is much higher than in band 4, and

the same or higher than in band 7. Materials having iron
oxides on the surface are the main class that fits this scheme.

Similarly, yellow areas are those having high reflectance in
bands 5 and 7. Iron-oxide-stained soil or rocks with some

vegetation growing on them meet these requirements.

Indeed, most of the yellow areas are older, more dissected

alluvial fans, which support a higher density of vegetation

than younger fans.

Comparing this image with the geologic map of Arizona

(Figure 5-35) indicates that in some areas geologic units

are separable on the image; in others they are not. In the

northwestern part of the scene, Tertiary volcanic rocks are
all dark blue (around Silver Bell, west of Tucson, and at
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the northeast end of the Baboquivari Mountains). In the

Tortolita Mountains northwest of Tucson, a clear distinc-

tion is seen between the pink northwestern half and the

blue-pink southeastern half of this mountain range. The

map indicates Precambrian granite as the major rock type,

with only small outcrops of gneiss in the southwest. The

image suggests that the map may be incorrect. The geology

in the Tanqueverde and Rincon Mountains north and east
of Tucson is obscured on the image by heavy vegetation
cover. On the east and south flanks of the Rincons, Ter-

tiary granite appears pink; Paleozoic sediments are bright

blue. North of the Dragoon Mountains and west of Wilcox

Playa, Tertiary granite is again pink; Paleozoic limestone

is medium blue. Vegetation again obscures the geology in

the Dragoon Mountains.

In the Whetstone Mountains and Empire Mountains,

Cretaceous sediments are green; vegetation covers most of

the central part of the Whetstones. Outcrops of Paleozoic
rocks southeast of the Whetstone Mountains are dark blue.

The Tertiary granite outcrop in the center of the Empire

Mountains appears as an orange spot, distinct from the

surrounding sedimentary rocks.

The area around Helvetia shows little detail at this scale,

except for a yellow-orange spot east of Rosemont, corre-

sponding to the hematitic arkose outcrop. While the main

body of the Santa Ritas to the south is heavily vegetated,

the block of Tertiary volcanic sediments to the southwest

appears dark blue and pink, indicating differences in lith-

ology not shown on the map.

The Huachuca Mountains are heavily vegetated, Simi-
larly, little detail is discernible in the Canelo Hills. The area

between the Caneto Hills and the Patagonia Mountains has

blue areas (Tertiary arkose) and green areas (Tertiary

rhyolite) clearly separated.

In the Sierrita Mountains, Tertiary granite appears pink.

Tertiary volcanics are black to dark blue, and Paleozoic
sediments are blue and light blue.

In this semiarid region, where vegetation is not abun-

dant, good geologic discrimination is possible from this type

of processed Landsat MSS image. A comparison with the

published 1:500,000 state geologic map suggests that addi-

tional lithological information not shown on the map can

be recognized. In more poorly mapped arid regions of the

world, Landsat data can provide substantial geologic infor-

mation suitable for reconnaissance mapping at a scale of

about 1:500,000. At higher elevations, vegetation cover

dominates the spectral response of the areas and obscures

the underlying geology.

4. Color ratio composite

a. Introduction. Band ratioing of Landsat data for geo-

logical applications was first reported by Rowan et al.,

(1974). Ratioing is an effective method for distinguishing

among rock types because the main spectral differences in
the visible and near-infrared spectral regions are found in

the slopes of the reflectivity curves. Absorption bands are
broad and weak, and are difficult to use for discrimination

of rock types on standard MSS images. In addition, the

ratioing process removes first-order brightness effects due

to topographic slope and enhances subtle color variations
between materials.

By examination of spectral reflectance data, Rowan et al.

(1974) determined that a composite of ratios 4/5, 5/6, and

6/7 would provide an effective means for discrimination of

hydrothermally altered areas and of regional rock and soil
units.

This combination was used to produce the color ratio

composite (CRC) image presented in Figure 5-36. Band-ratios

4/5, 5/6, and 6/7 were assigned colors of blue, green, and

red, respectively, to produce this CRC image. The June
1974 Landsat scene was used since it had the highest sun

elevation and, therefore, the fewest shadows of the three

scenes available. The image shown is a subscene covering

an area of 40 by 40 km centered near Helvetia. The data
were destriped, but no atmospheric corrections were applied.

b. Analysis and interpretation of image. The particular
combination of band ratios and color assignments used

displays vegetation in blue and iron oxides in red and

orange. Typical spectra of vegetation (representative of
chlorophyll reflectance in a general sense) and iron oxides

are shown in Figure 5-37. The Landsat bandpasses are

also indicated. Calculated ratio values for 4/5, 5/6, and

6/7 are shown in Table 5-1 !.

Vegetation has a relatively high 4/5 value due to high

reflectance in the green part of the spectrum (band 4) and
low reflectance in the red (band 5) due to absorption of

energy by chlorophyll. The infrared response in bands 6

and 7 produces a ratio less than 1. The 5/6 value is low,
also due to the chlorophyll band. Iron oxide has a low 4/5

value due to the sharp falloff in reflectance toward the

ultraviolet, and a ratio greater than 1 in the 6/7 value due

to the ferric iron absorption band near 0.9 tam. Therefore,

iron-oxide areas will have a strong red component (high

6/7 value), no blue component (low 4/5 value), and a green

component (high 5/6 value). These areas will appear orange

to red depending on the relative amount of green.
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Figure 5-32. Contour map of lineament density using data from Figure 5-30. Also shown are northwest structural trends from Tilley (1976).
Contour interval is three lineaments per grid cell; the darkest pattern encloses areas with lineament density greater than 16.
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Figure 5-34. False-color infrared composite of Landsat scene 1678-17210 acquired June 1, 1974; MSS bands 4, 5, and 7 are displayed as

blue, green, and red, respectively
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Figure5-36.Landsatcolorratiocompositeof40-by40-kmsubareacenterednearHelvetia.MSSband-ratios4/5,5/6,6/7aredisplayedas
blue,green,andred,respectively.Interpretativeoverlayshowslithologicunitsandareasofironoxide.Solidanddashedlinesindicate
sharpandgradationalcontacts,respectively(Landsatscene1678-17210,June1,1974).
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Figure 5-37. Typical spectral reflectance curves for vegetation and

iron oxide. The Landsat MSS band Intervals are also indicated.

Twelve iron-oxide areas are outlined in the CRC image

(Figure 5-36), excluding red-orange areas obviously corre-

sponding to alluvium or gravels. Area 1 is the hematitic
arkoses east of Rosemont. Area 2 is a linear zone in Syca-

more Canyon, where altered latite porphyry occurs. Area 3

was not field checked and remains unexplained. Outcrops

of altered latite porphyry also occur in areas 4, 5, 6, and 7,
near and west of the Empire Mountains.

The Cuprite Copper Mine is located within area 4; pits

and prospects are found within the other three areas of

alteration. Areas 8 and 12 correspond to outcrops of Ter-

tiary conglomerate. Drewes (1980) describes the rock as a

red, poorly indurated conglomerate. The presence of a mine

in area 12 (the Heavy Boy Copper Mine) is puzzling since

no intrusive is mapped nearby. Areas 9 and 10 are parts of

the Bisbee Formation; locally the Bisbee is quite ferrugi-

nous, explaining its appearance on the CRC image. Area

11 is located in Precambrian granite and was not field
checked.

Paleozoic limestones (L in Figure 5-36) are separable by

their light-blue color. They are recognizable wherever they

Table 5-11. Reflectance and calculated ratio values for vegetation

and iron oxide

MSS Band Ratio
Material

4 5 6 7 4/'5 5/% 6/7

Vegetation 12 10 33 41 1.2 0.3 0.8

Iron oxide 18 27 30 28 0.7 0.9 1,1

are not covered with heavy vegetation. There is some sepa-

ration of parts of the outcrops of the Bisbee (Kbu) and

andesite (Ka), although these units do not appear the same

elsewhere on the image, presumably due to lithologic

changes.

Areas labeled V are cultivated fields along the Santa Cruz

River. The dark-blue color was explained earlier. Heavy

vegetation also occurs along stream drainages and at higher
elevations of the Santa Rita Mountains. Areas labeled T

are railings associated with mining activities.

The large white area in the center of the image corre-

sponds to alluvial material derived from limestone out-

crops to the southeast. Indeed, it is possible to identify the

drainage feeding this area and to trace it back toward the
mountains and limestone source area; the drainage appears

as a thin, white stream.

The variable appearance of other alluvial areas reflects

differences in composition of the parent source material,

different weathering conditions, and variable vegetation

cover. Most of the drainages discernible on the image appear

in blue colors due to the presence of moderate to heavy

vegetation. The dominant orange-red color of the fans is
due to the presence of iron oxides on the surface. The source

for the iron oxides is either due to a weathering phenome-
non (oxidation of mafic materials) or reflects the presence

of iron-oxide minerals in the parent source materials. The

area marked QTg in the southeast corner of the image is

green to blue in color, generally indicating a lack of iron-

oxide minerals and the presence of a moderate vegetative
cover,

Overall, the lithologic information interpretable from the

color ratio composite is limited by the presence of vegeta-

tion, the modest spatial resolution of the Landsat MSS, and

the small number of spectral bands available. Areas with
iron oxides present on the surface are readily identifiable;

this provides valuable information relating to the search

tbr possible hydrothermally altered rocks.

5. Principal components analysis

a. Introduction. Principal components analysis (PCA) has
been used in statistical processing of data for a consider-

able time (Hotelling, 1933) and is well illustrated in many

texts (Davis, 1973, for example). The method produces new

uncorrelated variables (components), which are linear

combinations of the original variables and are orthogonal

to each other. The new axes for the variables are computed

to maximize the scene variance along the first axis or com-

ponent containing the greatest proportion of the variance,
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followed by the next components which contain succes-

sively less of the scene variance. In this fashion it is often

possible to ignore the latter components because they con-

tain little or no useful information. This is especially true
with Landsat data; thus, the original four MSS bands can

often be reduced to the first three principal components

(PCs). Geometrically, PCA can be viewed as a rotation and

translation of the original coordinate axes to new axes

passing through the data. A hypothetical example in two-

dimensional space is shown in Figure 5-38.

PCA is a method for reducing the dimensionality of data

by removing intervariable correlation and compressing it

onto one or a few new axes, usually less than the total orig-

inal data. in Landsat data, about 80 to 90 percent of the

scene variability can be accounted tbr by the first PC. This

variable is usually an average of the values of the four bands,

i.e., albedo (Podwysocki et al., 1977). The components can

be combined into a color display by assigning blue, green,

and red colors to any triplet of the available variables.

b. Analysis" of Heh,etia PCA. The October Landsat data

tbr the 40- by 40-kin Helvetia subscene were processed using

PCA. The eigenvalues, percent variation, and loadings for

each of the components are shown in Table 5-12. In addi-

tion, the loadings are plotted in Figure 5-39.

The first component accounts for 92 percent of the scene
variability. The coefficients for the four MSS bands are all

Table 5-12. Elgenvalues, variability, and Ioadings

lor HelveUa MSS PCA

Total Band Loadings

Component Eigenvalue Variance, % 4 5 6 7

1 1177 92 0.36 065 0.55 0.38

2 81 6 0.38 -0.49 0.33 0.72

3 I I I 0.85 0.46 0.15 0.21

4 8 < 1 0.07 0.36 0.75 -0.55

positive and about equal. This component can be inter-

preted as albedo; most of the information in the scene is

therefore related to the overall brightness of the materials

and not to any absorption bands in their spectral reflec-
tance response. This also implies that the four bands are

very highly correlated; when the reflectance increases in
one band, it also increases in other bands. The second

component accounts for 6 perccnt of the variability in the

scene. It is positively weighted on the infrared bands (6

and 7) and negatively weighted on the green and red bands

(4 and 5). This component would tend to emphasize vege-

tation since vegetation has high reflectance in the infrared

bands and relatively low reflectance in the green and red

bands. Component 3 accounts for 1 percent of the scene

variability; it is heavily weighted on band 4, with lesser

weighting on bands 5 and 7, Thc fourth component accounts

for less than 1 percent of the variability and is positively

weighted on band 6 and negatively weighted on bands 5
and 7.

X2

Y2

• .. --. Y1

Xl

Figure 5-38. Elliptical scatter pattern of data in two multispectral

channels, X 1 and X 2. The PCA creates a new aet of coordinate axes

(components) such that the first component (Y1) accounts for moat

o! the variability. The second axis (Y2) is chosen orthogonal fo the
first.
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The individual components were examined as black-and-

white images; the first three components showed tonal var-

iations in the scene. The fourth component was made up

mainly of noise and thus contained the least amount of

usable information. Therefore, the first three components

were used to make a false-color composite. Examination of
several different combinations led to the selection of one

particular display which presented color differences in a

pleasing manner to the analyst. Other combinations are

equally permissible; however, an individual's bias or pref-
erence for certain color schemes dictates the choice of a

particular combination. The image shown in Figure 5-40

used the first three components, with color assignments for

components 1, 2, and 3 (called V 1, V2, and V3) of magenta,

yellow, and eyan, respectively. These colors were produced

by complementing the primary colors green, blue, and red.

The colors that appear on the image can be related to

the spectral reflectance of the surface materials in the fol-

lowing manner. First, typical Landsat reflectance values are
determined or measured for several materials. In this

example, vegetation, goethitic iron oxide, hematitic iron
oxide, and limestone were used (Table 5-13). Reflectance

values were calculated from PFRS spectra for these mate-

rials in the equivalent MSS bandpasses.

These values were convolved with the factor loadings for

the first three components to compute PC values. For

example, vegetation in V 1 would be:

Veg(Vl) = 0.36(12) + 0.65 (10) + 0.55 (33)
+ 0.38 (141) = 44

Values for the four materials in the three components are
shown in Table 5-14.

Using these relative values, it is possible to predict the

color that would result on the images. The PC values were
normalized to determine the relative contribution of the

three colors (Table 5-14). The range of values for each raw

PC was first rescaled to 0 to 100; for example, the raw V I
values (44, 5 I, 34, and 43) became 59, 100, 0, and 53. Next,

the rescaled PC vectors for each of the four materials were

expressed as fractional values; for example, rescaled vege-
tation values of 59 (V I), 100 (V2), and 100 (V3) became

normalized values of 0.22 (59/259), 0.39 (100/259), and 0.39

(100,/259). Plotting these values on a ternary diagram (Fig-

ure 5-41) shows that goethitic iron oxide lies near the

magenta (V [) point, vegetation lies equally between cyan

and yellow on the green line, limestone lies equally between

magenta and cyan on the blue line, and hcmatitic iron oxide

lies near the yellow point. Examining the color image (Fig-

ure 5-40) indicates that vegetation in the Santa Rita Moun-

tains and in cultivated fields along the Santa Cruz River is

green; the hematitic arkose east of Rosemont is orange-

yellow; the goethitic alluvial fans along the Santa Cruz River

are magenta; and the limestone outcrops, such as those in

the Empire Mountains, are blue.

A more detailed interpretation map of the color PC image

is shown in Figure 5-42. Alluvial areas and terrace gravels

are magenta (goethitic), orange (hematitic), or blue/cyan

(material derived from limestone source areas upstream).
They can be identified as alluvium, based on their geo-

morphic appearance; drainages are well developed with little

or no topographic relief. The Santa Cruz River Valley and

Cienega Creek are green where there are cultivated fields

or heavy vegetation. The Santa Rita Mountains are domi-

nantly green due to heavy vegetation cover. Occasionally,

nongreen areas appear where vegetation is less and bed-

rock or soils show through. Paleozoic limestones are var-

ious shades of" blue. Arcuate outcrops are traceable on the

southeast flank of the Empire Mountains; small outcrops

are mappable around Helvetia and at the bottom edge of

the image on the east and west sides of the Santa Rita

Mountains. Orange to red areas exclusive of the pediments

correspond to several different units. Those associated with

limonitic alteration are indicated with the stipple pattern

on the map. These areas are outcrops of quartz latite por-

phyry or quartz monzonite in the Empire Mountains, and

hematitic arkose east of Rosemont. They all correspond to
areas of hydrothermally altered rocks and have past or

present mining activities. Other limonitic areas correspond

to outcrops of Cretaceous conglomerate and red eolian

sandstone east of Mt. Wrightson.

6. Comparison with stream sediment geochemistry. A

detailed geochemical reconnaissance was performed between

1962 and 1969 and reported by' Drewes (1973). Several
hundred samples of alluvium were collected in the Santa

Rita and San Cayetano Mountains and were analyzed by

chemical and semiquantitative spectrographic methods tbr
29 to 39 elements. The distribution of high copper values is

shown in Figure 5-4Y A similar, although not identical,

pattern was also mapped tbr lead, tin, zinc, silver, and

molybdenum (not shown here). The highest concentrations

of copper (225 to 3000 ppm) occur near Helvetia, Rose-
mont, northwest of Grcaterville, and west of Mr. Wright-

son. The Helvetia, Rosemont, and Greaterville anomalies

are associated with ore deposits at these locations: the high

concentration west of Mr. Wrightson was not explained.

('omparing the stream sediment geochemistry with the

results of the Landsat analysis would provide a strong

impetus for further interest in this region for mineral

exploration. In the early stages of exploration, a reconnais-
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Figure 5-40. PC color composite with geographic features referred to in text. The area covered is 40- by 40-km centered near Helvetia. PCs

1, 2, and 3 are displayed in magenta, yellow, and cyan, respectively (Landsat scene 20260-17145, October 9, 1975).
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Table 5-13. Percent reflectances for surface materials

Material
Reflectance in MSS Bands, 9b

4 5 6 7

Vegetation 12 10 33 41
Goethitic iron oxide 18 27 30 28

Hematitic iron oxide 18 24 28 32

Limestone 15 20 25 30

sance program that started with regional Landsat analysis

and followed up with geochemical surveying would have

targeted the most promising areas for more detailed geo-

logical and geophysical work. The iron-oxide anomalies

inferred from Landsat data at Rosemont and Greaterville,

when considered in conjunction with the geochemical

anomalies, would have provided sufficient justification for

land acquisition and further development.

V. Evaluation of Aircraft Multispectral
Scanner Data

A. Introduction

Aircraft multispectral scanner data were acquired dur-

ing three overflights with two instruments. The M2S l l-

channel scanner was flown twice at approximately 12:00

noon local time: in August 1977 with an instantaneous field

of view (IFOV) of 10 m and in May ]978 with an IFOV of

15 m; these overflights also provided a nighttime pass with

only the thermal channel to examine the thermal charac-

teristics of the surface. In October 1978, also near noon,

data were obtained with the NS-001 Thematic Mapper

Simulator with an IFOV of 12 m. Wavelength regions of

the instruments are listed in Table 5-15. The areal cover-

age of each of the flights is shown in Figure 5-44.

B. M2S 11-Channel Data

1. Ratio composites

a. Landsat CRC equivalent. The August 1977 data were

used to create a color ratio composite image. The bands

used were 4/6, 6/8, and 8/(9 + 10); this combination was

V1

MAGENTA

V2

YELLOW

__o v3

CYAN
0 BLUE _10_

Figure 5-41. Ternary plot of PC values lor representative Landsat
reflectances of limestone (L), vegetation (V), hemaUtic iron oxide

(H), and goethltic iron oxide (G). Values were normalized and plot-
ted along magenta, cyan, and yellow axes.

selected to simulate a Landsat 4/5, 5/6, 6/7 ratio compos-

ite (discussed in Paragraph IV.C.4) and to examine both

the spectral information available and the improved spa-

tial resolution capability. The three ratios were displayed

in blue, green, and red, respectively (Figure 5-45). An

interpretation map produced from this image is shown in

Figure 5-46.

With this particular color scheme, vegetation will be blue;

iron-oxide-bearing rocks will be in shades of red. A promi-

nent feature seen on the image is a deep-red area east of

Rosemont, corresponding to the hematitic arkoses of the

Willow Canyon Formation (Kbwa). Orange areas in the

scene correspond to outcrops of Precambrian granite, altered

quartz [atite intrusive, Cretaceous volcanic and sedimen-

tary rocks, and Paleozoic sedimentary rocks. Limestones

appear as light yellow to white (Rainvalley and Concha

Formations in the northern part of the scene) where they

are unaltered. Concha Limestone outcrops containing con-

siderable organic matter appear gray northeast of Rose-

mont. Outcrops of tactite-altered limestone at Rosemont

appear in pale-gold colors.

Materials

Table 5-14. PC values for four surface materials

Raw Rescaled Normalized

VI V2 V3 VI V2 V3

Vegetation 44 31 9
Goethilic iron oxide 51 10 4

Hematitic iron oxide 34 12 3
Limestone 43 15 6

VI V2 V3

59 100 100

100 0 16

0 9 0
53 24 50

0.22 0.39 0.39

0.85 0 0.15

0 1.0 0
0.41 0.20 0.39
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Figure 5-42. Geologic and alteration interpretation map of PC color Image shown in Figure 5-40
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Figure 5-43. Stream sediment survey In Santa Rita Mountains showing areas of high copper concentrations (Orewes, 1973). Solid line

Indicates boundary ol surveyed area.
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The spectral information and the overall appearance of

this image is similar to the Landsat color ratio composite

(Figure 5-36). The major difference is the improved spatial

resolution (15 m versus 80 m) provided by the aircraft data.

Small outcrops are discernible, such as the dikes in the south

and the quartz latite in the north; these cannot be seen on
the Landsat MSS data.

b. Iron-oxide discrimination. The different species of iron-

oxide minerals (collectively referred to as limonite)-spe-

cificaUy hematite (FezO3), goethite (FeO • OH), and jaro-

site (KFe_(OH)6(SO4)2)-do not have the same spectral

reflectance characteristics, nor are they necessarily derived
from the same sources. Hematite often results from oxida-

tion of pyrite and chalcopyrite at porphyry copper deposits

and is a prominent constituent of gossans. Goethite is more

widely distributed, but can be an alteration product. Jaro-

site is a ferric-sulfate mineral that is almost always associ-

ated with hydrothermal alteration processes. The M2S data

have narrow spectral bands that might allow separation of
these minerals. Representative reflectance curves for

hematite, goethite, and jarosite (Hunt and Ashley, 1979)

are shown in Figure 5-47, along with the M2S band inter-

vals. The curves are displaced vertically for clarity.

The spectral absorption bands seen in all three curves

are due to electronic transitions involving ferric iron. There

are typically three broad features located near 0.45, 0.65,

and 0.9/_m and a strong band in the ultraviolet, which pro-

duces the rapid falloff in reflectance to shorter wave-

lengths. Only jarosite shows the 0.45-_m band, while the

0.65-/_m band is apparent in all three minerals. But the

position of the 0.9-_m band is most significant. In jarosite

and goethite, this band is centered at about 0.93 /_m; in

hematite, the band is displaced toward shorter wave-
lengths at about 0.85 #m. Although the M2S bands are not

ideally placed over these regions, the positions of bands 8,

9, and 10 should produce different reflectance values for

the three minerals. By sampling the reflectance values in

these three bands, the equivalent 8/9 and 9/10 band-ratio

values were calculated. These are plotted in the inset graph

in Figure 5-47. The three minerals are clearly separable

along the two axes. This analysis was applied to the M2S

image data by construction of two ratio composites-one
with band-ratios 4/6, 6/8, and 8/'9; the other with ratios

4/6, 6/'8, and 9/10. These two images, using blue for 4/6,

green for 6,/8, and red for 8/9 or 9/10, are shown in

Figure 5-48.

Examination of the two ratio composites indicates that

the preliminary analysis of iron-oxide separations is borne

out. On the 8/9 ratio (Figure 5-48b) the hematitic arkoses

(A) are orange, and other iron-oxide areas, which are dora-

inantly goethitic, are yellow; they have less red compo-

nent. In the 9/10 ratio composite (Figure 5-48a), the arkoses

(A) are now dark brown; they have less red. This color

change verifies the graphical data of Figure 5-47. A mine

dump (B) is yellow on the 8/9 image (Figure 5-48b), indi-

cating the relatively high 8/9 ratio value and therefore a

large red component. On the 9/10 ratio composite (Figure

5-48a) the dump (B) is still yellow, suggesting the presence

ofjarositic material. This dump was visited in the field and

verified to be jarositic. By using the two images together,

and by taking advantage of the narrowness of the M2S

spectral bands (despite their nonideal positions), it is possi-

ble to separate iron-oxide minerals based on the shift of

the ferric iron absorption band near 0.9 t_m.

2. Thermal infrared data. Daytime and nighttime pre-
dawn thermal infrared (TIR) data were acquired with the

M2S scanner during the May 16-17, 1978 overflights. TIR
data can provide additional lithologic discrimination infor-

mation, compared to reflectance data, because they respond
to differences in the physical properties of materials, such

as density, conductivity, and diffusivity, rather than to sur-

face properties. Vegetation cover and moisture content,
however, can greatly affect the thermal characteristics of
an area and overwhelm the actual material's thermal

response. Meteorological conditions at the time of the

overflights were acceptable for obtaining these data; there

had been no precipitation for at least 96 hours prior to the

flights and winds were low.

TIR data can be used directly and the day or night data

examined independently; or a calculated parameter called

apparent thermal inertia (AT1) can be derived from the

temperature and albedo data. AT1 is an approximation of

thermal inertia and is calculated as (1 -A)/AT, where A is

average albedo and AT is the difference between the day

Table 5-15. Wavelength bands of M2S and NS-001 scanners

M2S NS-001

Band Wavelength, btm Band Wavelength, _m

1 0.33-0.44 I 0.45 0.52

2 0.44 0.48 2 0.52 0.60

3 0.49 0.54 3 0.63 0.69

4 0.54-0.58 4 0.76 0.90

5 0.58 0.62 5 1.00-1.30

6 0.62 0.66 6 1.55 1.75

7 0.66-0.70 7 2.08 -2.36

8 0.70-0.74 8 10.4 12.5

9 0.76 0.86

10 0.97--0.065

t I 8.05 13.50
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Figure 5-45. M2S 11 -channel color ratio composite of Helvetla-Rosemont area. Band-ratios 4/6, 6/8, and 8/(9 + 10) are displayed as

blue, green, and red, respectively (August 1977 overflight data).
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Figure S-47. Spectral reflectance curves for hematite, goethlle, and

jaroslte (Hunt and Ashley, 197g). The curves are offset vertically for

clarity; also shown are the M2S band Intervals for channels 4, 6, 8,

9, and 10. The inset figure shows calculated M2S values for band-

ratios 8/9 and 9/10 for hematite (H), goethite (G), and Jarosite (J).

and night temperature data. Thermal inertia (TI) is a

parameter that provides a measure of a material's resis-
tance to temperature change due to heat fluxes. It is repre-

sented by the quantity (Kpc)", where K is conductivity, 0 is

density, and c is specific heat capacity. T! is a body prop-

erty of a material that can provide information about com-

position where the surface may be masked by weathering,

staining, or other processes that cause reflectance measure-

ments to be unrepresentative of the entire material. TI
cannot be measured directly and must be inferred using

models developed to interpret remotely sensed visible and
thermal data convolved with terms accounting for heat fluxes

(Gillespie and Kahle, 1977). Since the computational pro-
cedure to determine TI is difficult, an approximation using

ATI is both simpler to implement and yields fairly equiva-

lent results (Kahle et al., 1981). In practice, an ATI image

is produced by registering the day and night temperature

images, computing a difference image, calculating albedo
by weighting the visible and near-infrared channels with

the solar constant, then dividing (1 -A) by the A T data.

For Helvetia, the aibedo, day temperature, night tem-

perature, and ATI images are shown in Figure 5-49. The

day temperature data (Figure 5-49b) are dominated by veg-

etation and topographic effects. South sun-facing slopes are

consistently brighter (warmer) than north-facing slopes.

Higher elevations are darker (cooler) than lower elevations
due to the presence of increased vegetation cover and the

effect of elevation on temperature. The night temperature

image (Figure 5-49c) again shows major topographic effects.

The major drainages are dark (cool) due to vegetation. A

small pond (A) is bright (relatively warm) because water

retains its heat at night relative to other materials; higher
elevations tend to be cooler than lower elevations. How-

ever, some differences in temperature related to rock-type

differences are apparent. An oval bright area (B) corre-

sponds to outcrops of altered quartz latite porphyry; field

checking revealed that the rocks are silicified, resulting in

high thermal inertia and relatively warmer nighttime tem-

perature. Other bright areas are outcrops of granite (C) and
unaltered limestone (D). Limestone that has been altered

to skarn and marble appears dark (E). In the field, the

marbles are very broken up, in contrast to the massive habit

of the fresh limestones. Bedding is visible in the Creta-

ceous rocks (F) due to changes in lithologies which have

varying thermal properties. The noisier appearance of this

image is due to the severe contrast stretch used to display

the narrow range of DN values (temperatures).

Basically, the same features are discernible on the ATI

image (Figure 5-49d), with the addition of more topo-

graphic detail. Bright areas are generally rock outcrop

exposures of granite and Paleozoic sediments. Most of the
Cretaceous sediments are dark (lower apparent TI) due to

their lower densities, conductivities, and/or specific heat.

A more effective technique for displaying thermal data

is to produce a color composite of three components (Kahle
et al., 1981). In such a display, the interrelationship between

day and night thermal patterns is visible as color differ-
ences on the image. The albedo, day thermal, and night

thermal images were used to produce Figure 5-50 by dis-

playing the three components as cyan, magenta, and yel-

low, respectively. The interpretation map overlayed on the

color image indicates which units were separable on the

image. Boundaries were drawn around similar appearing

areas; the interpretation was then compared with a geo-

logic map to assign formation names to the outlined areas.

The variations recognizable on this image are due to tonal

(color) and textural differences. Tonal differences are a
combination of thermal and albedo variations. Textural

differences are geomorphic and are mainly controlled by

drainage textures. These, in turn, are due to several prop-
erties of the surface materials: porosity, permeability,

hardness, jointing, fracturing and faulting, and bedding.

Precambrian granites are variable in color, but tend to

appear as light orange or purple. Texturally, the areas dis-
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Figure 5-48. M2S color ratio composites from August 1977 data: (a) band-ratios 4/6, 6/8, and 9/10 are displayed as blue, green, and red,

respectively; (b) band-ratios 4/6, 6/8, and 8/9 are displayed as blue, green, and red, respectively
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Figure5-49.M2Sthermalinfraredimages:(a)averagealbedo;(b)daytemperature;(c)nighttemperature;(d)apparentthermalinertia.Data
fromMay16-17,1978flights.
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Figure5-50.M2Sthermalinlrared-albedocolorcomposite.Albedo,daythermal,andnightthermaldataaredisplayedascyan,magenta,
andyellow,respectively.Overlayedisaninterpretationmap indicating separable units.
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play a dendritic drainage pattern, with smooth ridges and

regularly spaced stream channels. The Tertiary granite (Tg)

is orange, indicating either low albedo, high daytime tem-

perature, or a combination of these effects. The Shellen-

berger Formation siitstones (Kbs) are purple, indicating low

albedo, low daytime temperature, and high nighttime tem-

perature; this behavior is consistent with a lithology of dark,
well-indurated material. The Bolsa Quartzite (6_b) is yel-

low-orange, indicating low albedo, high daytime tempera-

ture, and low nighttime temperature.

Although this display allows better separation of lithoio-

gies than the individual thermal images, it is not as good as
information that is available from visible and near-infrared

data. Indeed, no new separations could be interpreted

compared with the latter data.

C. NS-001 Thematic Mapper Simulator Data

I. Introduction. Data from the NS-001 Thematic Map-

per Simulator were acquired on October 13, 1978 over

Helvetia, with a spatial resolution of about 12 m. This

scanner has the same spectral bands as the Landsat 4 The-

matic Mapper scanner, with an additional band at 1.0 to
1.3 #m. The data were computer processed to reformat the

bands and remove panorama distortion due to the scan

mirror profile. The noise level of the data was found to be

low enough for further processing without the necessity for
cosmetic rectification. Two different image products will

be examined in this section- a color ratio composite and a

color composite produced by canonical transforms from

stepwise linear discriminant function analyses of PFRS data.

These two types of enhancements were selected accord-

ing to previous experience gained from image processing
of data at other sites. Band ratioing is a well-established

technique for enhancing subtle spectral differences between
materials and, at the same time, subduing uneven illumi-

nation effects due to topography. The method of using

canonical transforms based on stepwise linear discriminant

function analysis is a statistically optimum method for

determining separability of studied rock types. It is an

objective approach, limited mainly by the bias introduced

in the sampling scheme used to select the groups to be sep-

arated. The better these groups are characterized by the
selected measurements (in this case the PFRS spectra), the

more valid the resulting transformations will be.

2. Ratio composite. Based on a study of the reflectance

properties of minerals associated with altered rocks (Abrams

et al., 1977), three ratios were selected to produce a color

composite for Helvetia. The color image shown in Figure

5-51 was created by displaying band-ratios 6/7, 3/2, and

4/5 in red, green, and blue, respectively. No atmospheric
corrections were applied to the ratioed data. The 6/7 ratio

is sensitive to the presence of hydrous minerals due to their

2.2-ttm absorption band; the 3/2 ratio was selected to

highlight the presence of iron-oxide materials, taking

advantage of the marked falloff to shorter wavelengths due
to the ferric iron charge transfer band in the ultraviolet;

the 4/5 ratio was selected to separate unaltered rock types.
A detailed interpretation map produced from this image is

shown in Figure 5-52.

The dark blue-green areas (A) in the left-central part of

Figure 5-51 are outcrops of Permian limestone that are
unaltered. In the field, these are massive blue-gray rocks

with no iron staining. Farther to the south, these same

mapped lithologies appear olive green (B); these are areas
where the limestone has been altered to skarn and marble;

the green color indicates the presence of some iron oxide,
which is what was observed in the field. A large green area

(C) corresponds to the hematitic alteration of the Creta-
ceous arkoses. Several small yellow areas (D) indicate the

presence of both iron oxides and hydrous minerals. These

correspond to outcrops of argillically altered quartz latite

porphyry and Tertiary volcanics. Other yellow areas, par-

ticularly the large area in the lower left corner of the image,

correspond to surface materials that have iron oxide and

moderate vegetation cover. The spectral reflectance of veg-
etation is such that water bands affect the 6/7 ratio and

produce a red contribution in the image similar to hydrous
minerals; other ratio combinations (not shown) remove this

ambiguity. The orange patch (E) at the bottom center of
the image corresponds to an outcrop of Epitaph Dolomite.

The color indicates the presence of some iron oxide and

either hydrous minerals or a strong carbonate band. The

pink area (F) is an outcrop of Concha Limestone in the
Helvetia klippe. The color is due to the presence of a strong

hydroxyl or carbonate absorption band. Other rock units

which are separable on the image are shown in the inter-

pretation map. In general, a large number of the mapped

rock types are separable using the NS-001 data. The added

spectral bands and improved spatial resolution provide for
more information than is available from Landsat MSS data.

3. Canonical transforms. The linear diseriminant func-

tion analyses of the PFRS data described in Paragraph III.A

were used to produce new image transforms of the Hel-
vetia NS-001 data. Briefly, the analyses produced linear

combinations of the input variables (in this case, the NS-

001 spectral bands) which separated the rock-type groups

used as training data. Because the statistical analysis was
based on PFRS data, which are in terms of reflectance val-

ues, a method had to be implemented to convert the NS-
001 radiance values to reflectance. The easiest way to do
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Figure 5-51. NS-001 color ratio composite. Band-ratios 6/7, 3/2, and 4/5 are displayed as red, green, and blue, respectively. Area covered

is 12 by 14 km (data acquired October 13, 1978). Scanner noise in the 6/7 ratio is responsible for the horizontal striping seen.
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this was to apply the calibration algorithms computed from
the Silver Bell NS-001 data to the Helvetia data (refer to

the Silver Bell, Arizona, Porphyry Copper Test Site Report,

Section 4, Paragraph VI). It was felt that this approach was
valid because the two sites were flown less than an hour

apart and they are only about 60 km from each other. It
was assumed, therefore, that the instrument response did

not change during the intervening time and that the atmo-

spheric conditions were the same or very similar.

Seven variables were used as inputs, and seven new lin-

ear combinations (canonical variates) were produced as

outputs. Of these, the first, second, and fourth were selected
for creation of a color composite by displaying them as

green, red, and blue, respectively. This particular combina-
tion was chosen after examination of a larger number of

possibilities. The third variate was not used because it

appeared to have less new information than the fourth,
although in theory, the first canonical variate has most of

the separation, the second the next lower amount, and so

forth. The resulting color image, with an interpretative

overlay, is shown in Figure 5-53.

A general observation is that, compared to the ratio

composite (Figure 5-51), this image shows major effects due

to topography and uneven solar illumination. To the first
order, ratioing subdues this phenomenon; because the
canonical transforms are combinations of the original vari-

ables, shadowing effects remain in the new data displays.

The Paleozoic limestones (11,12,13) are bright to dark

red, the altered limestones being darker in color. Their dis-

tribution is strikingly highlighted in this particular color

scheme, and it is also due to the weighting of the PFRS

samples with respect to the number of limestone classes

used in the analyses. The altered quartz latite porphyry

outcrops (9) are lavender in color. The hematitic Creta-
ceous arkose (HEM) is yellow green; in this rendition, it

appears similar to some of the Precambrian granites. The
Cambrian sediments along the range crest (17) are dark

pink, while west of the crest they are green, probably

reflecting differences in mineralogy. The Cretaceous rocks

in the northeastern quarter of the scene are generally sepa-
rable. However, when compared to the geologic map, only

a few units can be separated in detail. The large amount of

shadowing produces a confusing array of colors on the

image.

Overall, compared to the ratio composite, this product

has somewhat less information. In part, this is due to the

PFRS sampling bias. Had more systematic measurements
of the Cretaceous sediments been made, their separation

would probably have improved. This technique proved to

be the most effective at Silver Bell, where most of the geo-

logic units in the entire scene were spectrally measured with
the PFRS.

Vl. Summary and Conclusions

The Helvetia porphyry copper test site in southeastern

Arizona was selected because of the geologic features

encompassed by this mining district. A wide variety of rock

types is exposed in the area. These include lithologies

ranging in age from Precambrian to Quaternary, and con-
sist of sedimentary rocks (limestone, sandstone, shale, arkose,

conglomerate, quartzite) and igneous rocks (granite, quartz

latite porphyry, andesite, tuff, volcaniclastics). This wide
range provided an ideal opportunity to examine the spec-

tral characteristics of a wide lithologic assemblage and to

assess the separability of these rock types using remote

sensing techniques. Alteration associated with base-metal

mineralization has affected many of these assemblages.

Alteration types include weak argillic, propylitic, hemati-
tic, and skarn-related metamorphic minerals. These differ

from the types of alteration found at the Silver Bell and

Safford test sites and provide an opportunity to study the

spectral characteristics of a wider range of alteration types
associated with mineralization. The structural complexity

of the area presented tectonic features of different scales

for study. Regional tectonic patterns were examined from

synoptic scale images; local, smaller structural features were

studied using larger scale images.

Remote sensing data were obtained either from existing
archival facilities (EROS Data Center, Sioux Falls, South

Dakota) or from Johnson Space Center, which provided

multispectral scanner data acquired by the M2S and NS-
001 scanner instruments. Data which were analyzed con-

sisted of (1) color aerial photography, (2) L-band Seasat
satellite radar data, (3) X-band aircraft radar data, (4)

Landsat Multispectral Scanner data, (5) M2S I 1-channel

multispectral scanner data (visible, near-infrared, and day-

night thermal data), and (6) NS-001 Thematic Mapper
Simulator data. Ancillary information was obtained in situ

using JPL's Portable Field Reflectance Spectrometer.

Data analysis/interpretation was an iterative process of

laboratory analysis of computer-processed remote sensing

data, field checking of the site to substantiate any interpre-

tive conclusions, and further processing and integration of

data in the laboratory.

In situ spectral reflectance measurements were obtained

using JPL's PFRS. Examination of these 0.45- to 2.45->m

spectra indicated that the major spectral absorption tea-
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tures associated with sampled rock types were attributable

to the presence of iron oxides, carbonate, and hydrous

minerals (such as clays). Statistical analyses of these data

were undertaken using linear discriminant function analy-

sis. Wavelength regions corresponding to Landsat MSS, M2S
ll-channel scanner, Landsat 4 TM, NS-001 Thematic

Mapper Simulator, and a conceptual 30-channel, equal-
wavelength bands scanner were computed from the data

for the analyses. Examining the separability of 10 different

sampled rock types indicated that Landsat MSS was the
least effective instrument examined. Separation accuracy

was about equal for the M2S, Landsat 4 TM, and NS-001

simulations. Increasing the number of bands to 30 and

narrowing them to 0.05 t_m allowed almost complete sepa-

ration of the rock types. The linear transformations which

were computed by the analysis technique were later used

to process the image data since these transformations are
statistically optimal for separating the sampled rock groups.

Imaging scanners can also be used as spectrometers, albeit

limited by the number and position of the bands recorded.

The M2S data were used to produce image spectra in the

0.4- to 1.1-t_m range. Calibration of the image data was done

by forcing the radiance values of one geologic unit to match

the ground-measured PFRS reflectance values. The result-

ing image spectra had acceptable shapes, and absorption

features corresponding to ferric iron bands were evident.

Comparison of several image spectra with PFRS measure-

ments revealed an excellent correspondence in the shape
of the curves, with an offset in the overall reflectance val-

ues. The one-point calibration method used was responsi-
ble for this behavior. Nevertheless, this exercise indicated

that image data can be used to produce image spectra which

provide spectral information relatable to mineralogical

composition.

The color aerial photography allowed some discrimina-

tion of lithologic units. Limestones appeared gray on the

photographs; the hematitic arkoses were dark red and quite
distinct. Small features, such as dikes, were identifiable based

on their geomorpliic appearance: long, semicontinuous

linear features. The limited spectral range of color film did

not allow separation of most of" the units. A drainage den-

sity analysis indicated that areas of Precambrian to mid-
Mesozoic rocks were different than areas underlain by

Cretaceous rocks and Tertiary gravels. The hematitic arkoses

showed up as an area of moderately high drainage density.

Radar data provided mainly structural information. Tonal
differences seen on both the satellite and aircraft radar data

were limited to separation of bedrock and alluvium. The

little lithologic information present was attributable to dif-

ferences in geomorphic appearance, dominantly drainage

density and pattern. Numerous lineaments and circular/

elliptical features seen on the images were primarily due to

drainage patterns. A few could be correlated with mapped

faults, but most had no correspondence to previously rec-

ognized features. Further field checking of these features
would be required to determine whether they had any geo-

logic significance.

Landsat MSS data were computer processed and analyzed

for both structural and lithologic information. A statistical

lineament analysis was performed on a full scene of Lanci-

sat data; results were compared with other published

structural analyses based on mapped fault data, Landsat

data analysis for an adjoining area to the south in Mexico,

and regional residual aeromagnetic data. Three distinct
lineament trends were seen on the lineament analysis:

N 50 ° W, N 45 ° E, and N 85 ° E. These correlated with

three of the structural trends recognized by Carson (1969)

from analysis of mapped faults. The N 50 ° W trend corre-

sponds to Titley's (1976) Mesozoic northwest structural
trends which define distinct litho-tectonic blocks in south-

east Arizona. The boundaries correspond to zones of lower

lineament density; the blocks are areas of higher density.

In general, this is due to the development of alluviated val-

leys along the boundaries and to the mountain blocks
between them. Lineament density highs mapped by

Sawatzky and Raines (1982) from Landsat data in Sonora,

Mexico, project into southeastern Arizona and line up with
several trends found from this lineament study. This type

of analysis of Landsat data provides a powerful tool for

study of regional tectonic features. The synoptic view pro-

vided is ideal for examining large areas under uniform
illumination conditions.

Lithologic information derivable from Landsat MSS data

was examined using three types of computer-enhanced

image products: false-color infrared composite, color ratio

composite, and principal components analysis. The false-

color infrared composite for a full Landsat scene was com-

pared to the state geologic map. In areas of high relief,
vegetation cover dominated the spectral reflectance char-

acteristics and masked the underlying geology. At lower

elevations, various mapped geologic units were recogniz-

able. These included outcrops of granite, volcanic rocks,

and limestones. Valley fill material was separable based on

both tonal and geomorphic appearances. Iron-oxide-bear-

ing areas were spectrally distinct due to ferric iron absorp-
tion bands which occur in the Landsat wavelength region.

CRC and PC images were produced for a 40- by 40-km
subarea of a Landsat frame. These two processing algo-

rithms enhance spectral separability of materials: CRC at

the expense of brightness (topographic) information, and
PCA at the expense of easy interpretation of the physical
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Figure 5-53. NS-001 Thematic Mapper Simulator data, Color image produced using canonical transformations determined from linear

discriminant function analyses of PFRS data. Interpretive overlay also shown. Same area as Figure 5-51.
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meaning of the output product. Interpretation of the CRC

and PC images allowed many mapped geologic units to be

separated based on differences in spectral response. Areas

of iron-oxide development, some of which are associated

with alteration, were particularly evident. The PC image

additionally produced some separation of hematitic from

goethitic materials. This was seen by the different tonal

appearance of alluvial fans east of the Santa Cruz River
and in the area of hematitic arkoses east of Rosemont. A

stream sediment geochemical survey was compared to the
results of the Landsat data analyses. Anomalously high

concentrations of copper (also zinc, silver, and lead) were

found in several areas that corresponded to iron-oxide

occurrences mapped from the Landsat data. In an explora-

tion program, these two converging pieces of data could

provide sufficient justilication to consider more detailed

groundwork, geophysical surveys, and other exploration
activities.

The main limitation of the Landsat MSS data was the

moderate spatial resolution (80 m). The detailed geology

of the test site was not discernible on the images. In addi-

tion, the limited number and positions of the Landsat MSS

spectral bands reduced the information relevant for litho-

logic separation.

Aircraft MzS multispectral scanner data were processed

and interpreted to examine the effects of improved spatial

and spectral resolution on geologic information compared
with Landsat MSS data. Color ratio composites produced

using different bands in the 0.75- to 1.0-btm region allowed

separation of different iron oxides based on the shift of the
ferric iron absorption band near 0.9/xm. Areas with jaro-

site, goethite, or hematite were distinct on the images. The

improved spatial resolution (18 m)compared to that of

Landsat (80 m) allowed fairly detailed interpretation maps

to be constructed: small geologic features, such as dikes,
were evident on the images. However, the spectral region

covered (0.4 to 1.0 _tm) was still inadequate for separating

many of the rock types exposed at the test site.

Thermal infrared data were analyzed from day-night

overflights with the thermal channel of the M2S scanner.
The day and night images were examined separately;

apparent thcrmal inertia was calculated from the day and

night thermal data and IYom the computed albedo image.

Although there was some geologic information in each of

these products, topographic effects dominated the imagcs.

Separation was best between rock types with widely vary-

ing thermal properties such as alluvial fill and silicified vol-

canic rocks. A more effective display of these data was

achieved by combining the day and night thermal and

albedo data to create a color additive composite. Many more

rock types were separable on the combined image than on
any individual image. Nevertheless, no new information

was seen compared to N S-001 data.

The most geologic information was provided by the NS-

001 Thematic Mapper Simulator data. This instrument

provided the same spectral bands as those on the Landsat 4

Thematic Mapper; however, the aircraft platform allowed

higher spatial resolution (15 m versus 30 m). Color ratio

composites and canonical transforms were used to produce

displays for interpretation. Delineation of most of the geo-
logic units occurring at the test site was possible because of

the wider spectral range covered by the instrument. Altered

rocks were distinct, based on spectral characteristics due to

the presence of iron oxides and hydrous minerals; altered

and unaltered limestones were clearly separated; many of

the Cretaceous sediments were separable also. Of all the

multispectral data sets examined, this one was unequiv-

ocably the best. The main improvement provided by the

NS-001 data was in the spectral region covered by the

scanner. The addition of wavelength bands in the 1.0- to

2.5-ttm region provided mineralogical information not

contained in the 0.4- to 1.0-ttm region. The 2- to 2.5-ttm

region is particularly important for detection of hydrous

minerals and carbonates, both of which are present in rocks
at the Helvetia test site.

From an exploration viewpoint, this test site study cov-

ered many elements of a reconnaissance exploration proj-

ect. Regional analysis was done using Landsat data for

structural mapping and lithologic separation. Particular
attention was given to mapping the distribution of iron-

oxide occurrences: this is one of the main mineralogies

identifiable using Landsat data and is also important due

to its association with alteration systems. Integrating these

data with regional geophysical data and stream sediment

geochemistry strengthened the geologic interpretation of

possible anomalous areas of potential significance. Aircraft
scanner data and radar data were then used to examine in

greater detail a smallcr area targeted from the regional

analysis. These data allowed better geologic interpretations
to bc made and highlighted small areas of alteration. The

next step would be further dctailed geophysical measure-

ments, and then sample collection and analysis to deter-

mine whether an ore body was present. Had this been a

virgin, unexplored area, there is no doubt that the remote

sensing analysis detailed in this report would have success-

fully led to the discovery of the porphyry copper deposit.
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Section 6

Saflord, Arizona,

Porphyry Copper Test Site Report

I. Introduction

A. Overview

The Safford test site report presents the results of the

remote sensing data evaluation project for the Safford,

Arizona, porphyry copper district. This report is divided

into three parts:

(1) Background information. This part includes a

description of the physiography, geology, and mineral
emplacement history of the deposits; detailed

descriptions of the types of data analyzed and the

data interpretation methods used; and a remote

sensing model describing characteristics of the deposits

which might be detectable by remote sensing methods.

(2) Spectral anaO,sis. This part includes a description of
laboratory and field spectral measurements of rocks

and soils found at the test site and provides the

foundation for the later image analysis description

by relating spectral properties to mineralogy. This

information is useful both for interpreting the image

data and for guiding the development of image

processing techniques.

(3) Image analysis. This part includes a description of

the results of the various image data sets evaluated

individually, then integrated and interpreted jointly.

Appearances of rock types on the images are related

to the spectra[ properties determined in the spectral

analysis portion.

B, Rationale for Site Selection

The Safford (Lone Star) District was chosen because it

contains three known, deeply buried porphyry copper

deposits (Kennecott, Dos Pobres, and San Juan). Only minor

outcrops of these mineralized intrusives show at the surface,
and surface alteration is mainly limited to the outer zones

of a typical porphyry copper deposit. The center of the

Kennecott deposit is covered by postmineral volcanic rocks.

The Dos Pobres deposit is not only deeply buried, but is

split by a normal fault. The down-faulted block is now

covered by several hundred meters of alluvium. In contrast

to the well-exposed Silver Bell site, only the outer fringes

of the alteration associated with the buried deposits are

exposed. This represents the present real-world situation in

exploration for concealed deposits. In addition to the three

deeply buried porphyry systems, the district contains a small

deposit (Sanchez) that has a reasonable amount of expo-

sure, although its surface has been disturbed by past min-

ing efforts.

Vegetation cover and cultural disturbances for the deeper

porphyry systems are minimal. Access to one of the deposits

and to unpublished maps and reports was made available

by Phelps Dodge Corporation, a Geosat member. Published

information on the district and on the Kennecott deposit
showed that the area had been well studied and contains

typical porphyry copper deposits (Dunn, 1978; Robinson
and Cook, 1966). More recently, detailed information has

been published on the Dos Pobres deposit (Langton and
Williams, 1982).

C. Site-Specific Objectives

The overall objective of the Safford test site study was to

assess the usefulness of a number of remote sensing systems

as mapping tools in an environment of known, deeply bur-

ied porphyry copper deposits.
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The secondary objective of this study was to use a variety

of remote sensing instruments to define the characteristic

signatures for alteration in andesitic volcanic rocks. Partic-

ular emphasis was placed on the NS-001 Thematic Map-

per Simulator. The NS-001 was configured to provide an

analog to the Thematic Mapper (TM) which is on board
the Landsat 4 satellite.

The Safford District provided a unique test case since

there are four porphyry systems within a small area.

Evaluation of the imaging systems, as single data sources
and in various combinations, could therefore be made to

document their application to the discrimination of several

major rock types, alteration patterns, and the structural
elements associated with each of these deposits. Specific

objectives included the identification and definition of:

(1) Phyllic alteration representative of the outer zone of
sulfide mineralization in the buried deposits

(2) Propylitic alteration associated with both district-wide

autometamorphism of the andesites and a second

phase associated with the mineralization events

(3) Different host-rock lithologies

(4) Major structural elements including regional faults,

transverse faults, and porphyry dike swarms

D. Remote Sensing Model

The primary part of the remote sensing model is the

general model of porphyry copper deposits within the Basin
and Range Province. This was used to define spectral mod-

eling features expected to be observable through images
that could be obtained from three scanner devices. These

instruments include the Landsat 4-channel Multispectral

Scanner (MSS), the Modular Multispectral Scanner (M2S)
1 l-channel scanner, and the Landsat 4 TM as simulated by
the NS-001 scanner. The model could also be used to eval-

uate an idealized, synthetic 30-channel array from a theo-

retical point of view. For comparison, a photogeologic model
based on conventional color aerial photography was also

considered. This model is limited by the availability of only

three broad spectral bands available to color film and to

the human eye. However, more textural, morphological,

and other spatial information is available from the photog-

raphy because of the high spatial resolution of photo-

graphic film.

1. General porphyry model. A very general Basin and

Range porphyry copper model has been defined by various

authors in Titley and Hicks (1966) and by Lowell and
Guilbert (1970). This model consists of a set of nested shells

of sulfide mineralization and alteration mineral assemblages

which are superimposed on an intrusive center (Figure

6-1). The intrusive center is commonly at least partially

porphyritic, if not a true porphyry. In plan view, the

generalized form of the systems and zones within the sys-
tem are circular to elliptical. Three dimensionally, they

resemble a cylinder, which may taper inward slightly with

depth, capped by domal zones roughly paralleling the
intrusive host. Mineralized and altered dikes may extend

upward and away from the intrusive.

The hypogene alteration assemblage usually changes

progressively from the core outward through potassic,
phyllic, argillic, and propylitic alteration zones. The mineral

assemblages that constitute these various alteration zones

depend upon the host-rock chemistry. In the deeply buried

porphyry deposits of the Safford District, phyllic (quartz-

sericite) and argillic alteration are restricted to the more
acidic intrusive masses and dikes and to a tuff-filled vent.

Some minor phyllic alteration, seen as weak disseminations

of sericite associated with quartz, occurs in fractures in the

andesite adjacent to the dikes and in widely spaced frac-

tures in the andesite. Argillic alteration has a similar mode

of occurrence. Propylitic alteration is widespread in the

andesites. This propylitic alteration is composed of biotite,

chlorite, epidote, calcite, and albite in the fabric of the
andesite as well as in veinlets. Portions of this widespread

propylitic alteration are probably autometamorphic, but at
least some of this alteration is related to the porphyry cop-

per mineralization event.

2. Ore zones. The ore zones are not exposed in the Dos

Pobres and Kennecott deposits (see Figure 6-2 for locations).

However, the mineralizing intrusions, the structures con-

trolling the locus of intrusions and mineral emplacement,
the intermediate and outer alteration zones, and the leached

cappings derived from the sulfide system are partially

exposed.

3. High pyrite zones. The "pyrite halo" at the Kennecott
site coincides with that portion of the main alteration zone

outside the main ore zone. Pyritic zones are characterized

by low copper concentrations, high-pyrite/copper sulfide
ratios, and relative abundance ofjarositic limonite.

The presence of sericite and clay minerals in the pyritic

zone tends to produce an overall lighter tone in contrast
with the darker tones of surrounding fresh rocks. A

diagnostic brick-red or yellowish-brown color is character-

istic of the capping produced by oxidation of copper-poor
sulfides. The pyritic zone may be characterized by a sub-

dued topography with rounded ridges caused by relatively

high fracture density and the presence of soft clays and

sericite (Readdy, 1978).
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Figure 6-1. Idealized cross-sectional views of alteration zoning and mineralization zoning tot southwestern U.S. porphyry copper deposits

(Lowell and Guilbert, 1970)

4. Phyllic/argillic alteration. Phyllic and argillic alteration

generally coincide with the pyritic zone, the general char-

acteristics of which have already been summarized. In

addition to the indirect tonal and geomorphic features, the
main alteration minerals sericite, clays, and limonite-can

be detected directly by their diagnostic spectral absorption

bands. The iron and hydroxyl absorption bands make phyllic

and argillic alteration highly visible on both Landsat and

aircraft images.

5. Propylitic alteration. Areas of propylitic alteration

should have an overall light tone and a pale greenish tint

in the visible region of the spectrum due to the presence of

minerals such as albite, epidote, and chlorite. The presence

of small amounts of limonitc from the oxidation of pyrite
should also be detectable on Landsat and aircraft images.

The Mesozoic andesite host rocks are pervasively

propylitically altered by autometamorphism. Theretbre, the

objective of the model was to discriminate between propy-

litic and phyllic alteration. The propylitic zones would show
less intense iron and hydroxyl absorption bands.

6. Plugs, dikes, and tufts. Eocene rhyolite, quartz latite,
latitc, and dacite plugs, dikes, and associated tufts are

exposed at the Kennecott property and north of the Phelps

Dodge ore body (Dos Pobres). Some of these outcrops are

hundreds of meters in lcngth and width and should be visi-

ble against the andesitic Cretaceous Paleocene
metavolcanics.

7. Mineralized porphyries. Mineralized Paleocene- Eocene

quartz monzonite, tonalite, and granodiorite porphyries are
exposed at or near the Dos Pobres, San Juan, and Kenne-

cott deposits. These generally contain abundant sericite and

limonite (iron-oxide minerals) and thus should be discern-

ible with TM spectral bands.

8. Structural features. Mineralization was controlled by

NE-ENE faulting that also controlled the emplacement of

the porphyry stocks and dikes. The relative stratigraphic

position of dike swarms, mineralized fractures, and alteration

zones are difficult to map by conventional methods because

of the lack of marker units in the premineral andcsite. The

phyllic alteration generally follows the northeasterly struc-
tures. The predictive model was that these should be

mappable by their spectral contrast with the surrounding
andesite wherever the alteration zones arc wider than the

10-m resolution of the NS-00/ scanner.
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The postmineral northwesterly Butte (Foothill) Fault
should be mappable from all sensors because it is marked

by the contact between Tertiary alluvium against Mesozoic

metavolcanics. Many of the other larger faults were also

anticipated to be mappable on most of the sensor products

(images) because of their reasonably strong topographic

expression.

E. Data Sources and Interpretation Methods

l. Remote sensing data. Remote sensing data acquired

for the Safford test site include color aerial photography,

Landsat MSS images, aircraft multispectral scanner data,
and radar images from both aircraft and Seasat. The scales
and sources of these data are included in Table 6-1.

The aircraft color aerial photography was acquired by

NASA during October 1978. The stereo color aerial

photographs are at a scale of 1:48,000. Nonstereo enlarge-

ments of this photography at a scale of 1:24,000 were also
used.

Glossy prints, produced at JPL, of the following three

stereo sets of Skylab color photographs were interpreted:



Table6-1. Scales andsources of remote sensingdata
for Saffordtest site

Data Scale Source Date

Color aerial 1:24,000; Johnson Space Center August 1977
photography 1:48,000 (JSC) October 1978

Skylab 1:500,000; JPL (reproduced from September 1973
photography 1:750,000 EROS Data Center February 1974

transparencies)

Landsat MSS 1:125,000; JPL (processed from December 1973
1:500,000 EROS Data October 1976

Center tapes) March 1977

1l-channel M2S 1:24,000 JSC August 1977
October 1978

NS-001 1:24.000 JSC October 1978

Aircraft SLAR 1:250,000 JSC May 1978

Seasat (SAR) I:1,000,000 JPL (digitally October 1978
processed)

(1) S190B Earth Terrain Camera, SO-242 film, prints at

1:500,000 scale, acquired on SL-3, September 1973

(2) S190B Earth Terrain Camera, SO-242 film, prints at

1:500,000 scale, acquired on SL-4, February 1974

(3) SI90A Hasselblad Camera, SO-356 film, prints at

!:750,000 scale, acquired on SL-4, February 1974

Landsat MSS data consist of three scenes of the Safford

area, recorded at three different seasons (spring, winter, and
summer). The computer tapes for these three frames were

further processed by band ratioing and principal components
techniques and printed as 1:125,000 enlargements, cover-

ing roughly 8 percent of the full-frame area. Each enlarge-

ment covers a rectangular area of about 37 by 25 km.

Scanner data using the l l-channel M2S system were

acquired by NASA simultaneously with the color aerial

photography during October 1978. The C-130 overflight
was at an altitude of approximately 5000 m. The images

produced are at approximately 1:24,000 scale. These l 1-

channel data cover a NW-oriented swath of 20 by 45 km
with an instantaneous field of view (IFOV) of 15 m.

The NS-001 scanner data consist of a WNW-oriented

swath 30 by 11 km in size with an IFOV of 12 m. Due to a
brief malfunction of the NS-001 scanner, a 1.6-km-wide

strip of data is missing from that swath. The missing 1.6-

by I 1-km strip is unfortunately centered over the San Juan

Mine, so the remote sensing model was not tested over that

deposit.

The aircraft radar data examined consist of two glossy

prints at a scale of approximately i:250,000 covering

essentially the equivalent area of the Landsat 1:125,000

enlargement, with a north-looking direction and two

different polarizations.

2. Support data. Ancillary data used in the interpreta-

tion of the Safford images include geological and geophys-

ical information from both published and unpublished

sources. Detailed geologic data on the Dos Pobres deposit

and the surrounding area are provided by an unpublished

Phelps Dodge geologic map at a scale of approximately

1:4,800. This map shows structural and lithologic details,

including the location of the ENE-mineralized shear zones,
the Trans-Butte Fault, the Dos Pobres Anticline, and the

Red Dyke fault zone. The contact between the Cretaceous-
Paleocene metavolcanic host rock and the nonmineralized

Eocene Baboon metavolcanics is shown; and, most

importantly, the small (25- to 75-m) heavily altered Paleo-

cene porphyry outcrops are shown. This map was

accompanied by an unpublished Phelps Dodge geologic

report by J. M. Langton and S. A. Williams that has only

recently become available in published form (Titley, 1982).

The principal detailed geologic data for the entire Saf-

ford District is provided by three unpublished 1:24,000 maps

provided by Bear Creek Mining Company (Kennecott

Copper Corporation). These maps, compiled by Annan

Cook in the early 1960s, include separate sheets for altera-

tion, geology, and structure. The mineralized and altered
ENE shear zones, the mineralized porphyry dikes, the

metavolcanic host rocks, the Lone Star parent pluton, and

the outline of the phyllic alteration zones are shown.

It is important to note that these Kennecott maps were
compiled many years before the Geosat Test Case studies

but were not released until January 1980, several months

after JPL had processed the multispectral scanner data to

produce the images evaluated as part of this study. The

digital data processing was completed without recourse to
the Kennecott support data which included the only dis-

trict-wide alteration maps of appropriate scale and detail.

The timing of the release fortuitously provided the

researchers with a double-blind experiment wherein infor-

mation derived from remote sensing data could be com-

pared with information produced by conventional

techniques.

A number of other sources of geological information exist

for the district. A master's thesis by Blake (1971) describes

the San Juan Mine area. A 1:45,000 geologic map of the
Safford District. modified after R. Greer, was released by

Phelps Dodge Corporation. Published information includes
1:45,000 to !:150,000 scale geologic maps of the Safford

(Lone Star) District by Dunn (1978). Geologic cross sec-
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tions in the literature are the Safford (Kennecott) deposit

by Robinson and Cook (1966), the Dos Pobres deposit by

Langton and Williams (1982), and other parts of the dis-

trict by Dunn (1978). Geochemical, mineralization, and

geophysical maps of the Safford deposit are shown by

Robinson and Cook (1966). A district geochemical map is

shown by Horsnail (1978). An evaluation of the photogeo-

logic features such as natural color, tone, photographic

texture, landform, and drainage characteristics related to

the porphyry systems in the district has been reported by

Readdy (1978).

3. Geophysical support data. Regional aeromagnetic and

gravity maps are available (Lyzonski et al., 1980; Sauck

and Sumner, 1970) and regional analyses of these have been

made (Lepley, 1978). Although these maps may help explain

the location of the district within a larger area, these small-

scale (1:500,000 to 1:1,000,000) maps are too coarse for

meaningful analyses of the district (i.e., the test site itself).

However, such geophysical data can be used with Landsat

MSS images and Skylab photographs to relate metalloge-

nesis to regional tectonics. These geophysical maps are not

sufficiently detailed for analysis at district scale and, there-

fore, will not be discussed further in this report.

4. Procedures for interpretation and comparison of

data. Interpretation of the Safford data proceeded in four

steps:

(1) Visual comparison between images and support data,

primarily through the use of overlays

(2) Ground checking-collection of samples at the site

to substantiate any interpretive conclusions and to
check the cause of any unusual features or

discrepancies

(3) Laboratory spectral reflectance and X-ray diffrac-

tion analysis of the samples

(4) Further visual comparisons and integration with

laboratory and ground spectral data

The boundaries of distinctive spectral features were traced
onto mylar from the various images, and the individual

areas were classified and labeled according to similar spectral

characteristics. Maps with supporting geological data were

then placed on top of the appropriate images and com-

pared with the interpreted overlays by the quick-flip tech-

nique. Direct superposition of mapped geology and

alteration on the color image products and the different

image products on each other was used. Lithologic and
alteration separations were compared, and image spectral

signatures were qualitatively deduced by internally

comparing the image data suites themselves and externally
comparing these with theoretical and measured spectra,

X-ray diffraction results, field identification, and support

maps.

The geologic and alteration maps did not fit the images

exactly because of slight scale differences and geometric

distortion of the scanner images. To compensate for this, a

control grid map was constructed by drawing section lines

on clear mylar overlayed on one of the 1:24,000 NS-001

images. This grid map was constructed with the aid of

1:24,000 translucent mylar orthophotomaps supplied by the

U.S. Department of Agriculture Soil Conservation Service.

The support maps were manually rotated or shifted to

match the appropriate part of the image as closely as
possible. The matching was done by using the section line

grids, major mapped faults, and the cliff edge of postore
volcanic rocks as guides.

II. Description of Site

A. General Description

The Safford test site is located in Graham County,
southeastern Arizona. The area studied in detail is defined

by a NW-SE polygon with coordinates of lat. 32°48 ' N,

long. 109°30 ' W; lat. 33°00 ' N, long. 110°00 ' W; lat. 33°00 '

N, long. 109°17 ' W; and lat. 33°15 ' N, long. 109°47 ' W

(Figure 6-2).

The deposits studied are in the Safford (or Lone Star)
District on the southwestern flank of the Gila Mountains,

one of several NW-trending ranges characteristic of the

Basin and Range physiographic province of southeastern

Arizona. This range is on the eastern side of the mountain
region or Mexican Highlands that separates the Colorado
Plateau Province from the Sonoran Desert (Robinson and

Cook, 1966). The area has one major drainage area, the
Gila River, which runs from southeast to northwest;

Bonita Creek drains the northern part of the area and flows
into the Gila River northeast of Safford. Several streams

flow intermittently in a southwestern direction from the Gila

Mountains and join the Gila River.

Four separate porphyry copper deposits occur within a

narrow NW-trending belt along the southwestern flank of
the Gila Mountains. From northwest to southeast these are

the Dos Pobres ore body operated by the Phelps Dodge

Corporation, the San Juan open-pit operation leased by

the Phalen Oil Company, the Safford deposit of Kenne-

cott, and the Sanchez deposit held by Inspiration Copper.

Major access to the region is provided by U.S. Highway

70 from the northwest and Interstate Highway 10 and U.S.
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Highway 666 from the south and west. U.S. Highways 70
and 666 intersect at the town of Safford, about 15 km

southwest of the mining district.

Graham County has an arid climate, with light precipi-

tation, large temperature changes, plentiful sunshine, and

low humidity. Mean annual precipitation ranges from about
20 cm near Safford to more than 90 cm on Mt. Graham,
22 km southwest of Safford. About one-half of the

precipitation occurs during the summer and comes as brief

but often heavy showers. Light to moderate precipitation

occurs during the winter months.

The mean annual temperature ranges from about 20°C

in the lower valley to about 8°C in the higher mountains.

Summer daytime temperatures of 32°C or higher can be

expected at lower elevations, and quite often exceed 37°C.

B. Soils and Physiography

The test site area, as depicted on the general soil map of

Graham County (Figure 6-3), contains eight mapped soils

in floodplains and alluvial fans (Table 6-2). These are:

(A1) Soil ranging from clay loam to sand loam

(B2) Broad grass-covered areas of brown loam or clay
loam

(B3) Soil on low terraces or rounded ridges with grav-

elly loam surfaces

(B4) Soil on high terraces and valley slopes consisting of

brown gravelly, sandy loam

(B7) Soil formed on basalt bedrock and on alluvium
derived from basalt bedrock

(C5) Deeply dissected terrace fronts-gravelly loam

(DI) Slopes on footslopes of Gila Mountains-reddish-

brown clay horizons or cobbly clay loam

(D3) Basalt hills and low mountains--dark-brown cob-

bly clay loam: rock outcrops common

The maximum elevation of 1850 m is reached at Weber

Peak; extensive alluvial fans extend southwesterly from the

mountain range down to the Gila River trough at an eleva-
tion of 840 m.

C. Vegetation

Vegetation association types are related to the different
soil classes:

(A l) Mesquite, catclaw, creosote, cacti, saltbush, cotton-

top, bush muhly, and three-awns; cottonwood,

willow, and tamarisk along stream channels

(D1)

(D3)

(B2) Grass covered; blue grama with some tobosa and

hairy grama

(B3) Creosote, cholla, mesquite, and annual grasses

(B4) Creosote, whitethorn, catclaw, mesquite, and annual

grasses at lower elevations; curly mesquite, tobosa,

snakeweed, and wolf berry at higher elevations

(B7) Creosote, snakeweed, saltbush, mesquite, cactus,

ocotillo, tobosa, and grama

(C5) Mesquite, creosote, tarbush, catclaw, cacti, and
whitethorn

Short grass cover, dominantly tobosa, but with blue

grama, three-awns, scattered juniper, and mesquite

Tobosa, with minor cone beard grass, side oats

grama, and black grama; in addition, north-facing

slopes have Mormon tea, guajillo, juniper, and

piflon; south-facing slopes have ocotillo, cacti, and
snakeweed

In general, vegetation density is minimal. Thick growths,

dominated by willows, are found along well-watered streams.

Fans and terraces support only a modest cover of grasses,

cacti, and shrubs among scattered trees. Most of the year,

vegetation cover is less than 20 percent. During the brief

rainy season, grasses flourish and coverage increases to 70

to 80 percent. At higher elevations along rocky outcrops,

trees become more prevalcnt, and grasses and shrubs

decrease in abundance; coverage, nevertheless, does not

exceed 30 percent.

D. Cultural and Land Use Patterns

The Gila River Valley is extensively cultivated for irri-

gated crops of cotton, sorghum, alfalfa, barley, and corn.

The unirrigated areas, such as those surrounding the por-
phyry systems, are used as desert range for producing beef

cattle, Farming is the dominant enterprise of the Gila River

Valley, but cattle ranching, mineral exploration, and min-

ing are the primary land uses of the area around the por-

phyry deposits.

E. History and Production

Information pertaining to the Safford District prior to

1950 is scanty. Of the four known porphyry copper depos-
its (San Juan, Dos Pobres, Kennecott, and Sanchez), no

information was fbund for the Sanchez deposit, and only

early information was found for the San Juan deposit.

Most of the development and production at the San Juan

deposit was accomplished from 1900 to 1920 (Blake, 1971).

Production for 1905 was 110,000 lb of copper, 223 oz of sil-
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Figure 6-3. General soil map of the Safford area (U.S. Department of Agriculture, 1973). Test site area in box.

For explanation of units, see Table 6-2.

ver, and 6 oz of gold. Lack of information covering the

period from 1920 to 1948 suggests that the mine was idle.
In 1951, Tuab Mineral Corporation secured a lease on the

San Juan Mine and adjoining claims. In 1955, the Bear

Creek Mining Company (the exploration branch of Ken-

necott Corporation) initiated a geological mapping and

geochemical sampling program in the region and later

dropped its option on the San Juan area. The latest work

to take place was initiated in 1967 by the Phalen Oil Com-

pany, which optioned the property in hopes of doing fur-

ther exploration work and leaching the deposit.

The Dos Pobres area was optioned in 1957 by Phelps

Dodge Corporation, based on geochemical surveying and

on geological and leached capping interpretations of unusual
outcrops. Drilling begun in 1957 encountered sufficient

mineralization to warrant purchase of the optioned claims.

Further exploration and drilling of a development shaft,
crosscuts, and drifts have confirmed reserves of approxi-

mately 400 million tons of 0.72 percent copper sulfide ore

(Langton and Williams, 1982).

Discovery of the Kennecott ore deposit occurred in 1949

when the Consolidated Copper Mines Corporation and the

American Metal Company, Ltd. optioned claims in the area,

drilled nine holes both through the basalt-covered area and

in the outcropping mineralized rhyolites, and encountered

low-grade copper mineralization. In 1955 Bear Creek Min-

ing Company optioned the area, based on reconnaissance

geological mapping without knowledge of the previous

drilling results. After further geological mapping, geophys-
ical surveying, and geochemical sampling, a diamond drill-

ing program was started. The property was purchased by

Kennecott Corporation in 1959, when drilling indicated the

presence of a sizable low-grade copper deposit. Since then,

development work has been carried out. Estimates of

reserves range from 500 to 2000 million tons of 0.5 percent

copper ore (Lowell, 1978).
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Table 6-2. DescripUon of units on soil map (Figure 6-3)

Soil Type Class and Association Characteristics

Hot, arid soils of
the lowlands

Hot, arid soils of

the uplands

Hot, semiarid soils
of the hills and
mountains

AI Grabe-Gila Anthony

B2 Forrest-White House

B3 Pinaleno-Bitter Springs-
Tres Hermanos

B4 Continental- Pinaleno
Cave

B7 Continental-Gila-
Fluventic Camborthids

C5 Calciorthids-Torrifluvents

DI Rimrock Graham

D3 Graham-House
Mountain-Lithic
Torriorlhents

Deep medium and moderately coarse
textured, nearly level to gently sloping soils.

Deep, fine textured, nearly level to gently
rolling soils on alluvial fans with lime
accumulation to moderate depths.

Deep, gravelly, moderately coarse to
moderately fine textured, nearly level to
gently rolling _)ils on alluvial fans.

Deep and shallow, gravelly, fine to medium
textured, nearly level to steep soils on alluvial
fans.

Deep, fine to medium textured, nearly level to
very steep soils on terraces.

Deep and shallow, gravelly, medium to coarse
textured, nearly level to steep soils on deeply
directed terrace fronts.

Moderately deep and shallow, cobbly,
gravelly, fine textured, undulating to steep
soils overlying basalt bedrock on plains and
hills.

Shallow, gravelly and cobbly, fine to
moderately fine textured, rolling to very steep
soils, and basalt rockland on hills and
mountains.

F. Geologic History

1. Stratigraphic evolution. Except for small xenoliths of

Precambrian quartzite and Pleistocene-Recent sedimen-

tary deposits, the geologic column of the district consists of

extrusive and intrusive igneous rocks (Figures 6-4 and 6-5).
Table 6-3, modified after Langton and Williams (1982),

summarizes the geologic history of the region. The older
Safford metavolcanic series, in which the four separate

porphyry copper deposits occur, consists of dark-gray,

massive porphyritic andesite and fine-textured flow breccia
with intercalated tuff beds.

The older Safford volcanics are overlain uncomform-

ably by the intermediate composition Baboon metavol-
canic series. This series consists of dacite, andesite, latite,

flow breccia, and tuff.

The younger Gila Mountain volcanic series, consisting

of basalt flows, tuff, and agglomerate, disconformably

overlies the intermediate Baboon volcanics. The premin-
eral Safford metavolcanic rocks have been intruded by the

Lone Star quartz diorite pluton, a representative of the

underlying parental magma from which the metavolcanics
were derived. The disseminated copper mineralization is

associated with stocks of quartz monzonite porphyry,

exposed at the San Juan, Sanchez, and Dos Pobres depos-
its and encountered at depth at the Kennecott deposit.

The andesite and comagmatic quartz diorite plutons have

been cut by latite and quartz latite dikes in NE-trending

swarms. Dunn (1978) interprets the iatite dikes as being

related to the quartz diorite, and the quartz latite dikes as

being related to the mineralizing quartz monzonite por-

phyry stocks.

A large, near-vertical pipe of mineralized tuff is partially

exposed near the center of the Kennecott deposit. Gently

dipping beds suggest a collapse origin by removal of magma

at depth (Dunn, 1978).

The postmineral volcanic rocks of the district can be

divided into three units: (1) Upper Eocene hornblende

andesite dikes, sills, and plugs; (2) Miocene-Pliocene sili-

ceous tufts, rhyolite, and agglomerates; and (3) Late Pli-
ocene basalt flows and interbedded tufts.

2. Structural evolution. Analogous to the Morenci-
Metcalf District 32 km to the northeast, the major fault

zones strike N-S, ENE-WSW, and NW-SE. The NW faults

are parallel to the elongated regional structural belt,

conceivably part of an older right-lateral system. Elonga-

tion of the premineral outcrop belt and irregular align-
ment of quartz monzonite porphyry stocks within the district

are both thought to be a reflection of the same regional

structures that controlled the NW-trending faults.

The most prominent structural features at the porphyry

deposits are N E-ENE-trending mineralized fractures and
dikes. At least six major NE-striking faults cut the premin-

eral andesite-the Lone Star, Trojan, Weber Peak. Dry
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Figure 6-5. Geologic sections of Safford District (Dunn, 1978). Approximate lines of sections are shown In Figure 6-4.

Canyon, Solomon Pass, and Walnut Springs Faults (Dunn,

1978). The NE-striking faults apparently controlled the

emplacement of the intrusive centers and the location of

the porphyry copper deposits. Copper mineralization along
the Lone Star and At Ease Faults indicates their early exis-

tence. The apparently comagmatic productive quartz mon-
zonite stocks at the four porphyry copper deposits seem to

have been displaced vertically 500 to 750 m by early Ter-

tiary movements along these NE-striking faults (Figure

6-5). NE-trending fractures and faults are regional features

common in many of the Laramide stocks in Arizona (Reh-

rig and Heidrick, 1976).

NW-SE en echelon faults are the most pronounced

features in the district. Reactivation by gravity movement

since Miocene time has resulted in approximately 1000 m

of vertical offset along the Butte Fault. Postmineral verti-

cal displacement on the other NW-striking faults is no more

than 100 m. The displacement of marker units within the
volcanic rocks indicates that these faults were reactivated

during the period of postmineral volcanism.

The Safford Basin, occupied by the Gila River, is filled

by as much as 900 m of sediments derived from the sur-

rounding mountains (U.S. Department of Agriculture, 1970).
The sediment was carried into the closed basin by sluggish

streams. Three sediment units are recognized: the lowest

unit is 100 to 150 m thick and consists of gravel, conglom-

erate, and dark clay; the middle unit is as much as 600 m

thick and is made up of fine-grained locally derived mate-

rial; and the uppermost unit consists of thin gravel depos-

its. Deposition of sediments in the basin ended when

structural uplift of the area began. During this period, tilt-

ing and minor faulting accompanied the formation of the
Gila River. Downcutting by the river alternated with periods

of stabilization, forming terraces. Five major terraces were

created in this way (Figure 6-6).

3. The Laramide porphyry copper deposits. The general

geology of each of the four porphyry copper systems is dis-

cussed. This provides a reference against which the results

of the remote sensing interpretations can be compared.

These discussions also refine the predictive model relating

to the remote sensing signature of the various lithologies of

each porphyry system. Of the Safford test site deposits, the
Dos Pobres and Kennecott (Lone Star) deposits are the

best documented in the literature. These two deposits are

also less disturbed than the San Juan and Sanchez depos-

its. They are therefore better test sites for remote sensing

exploration for deeply buried porphyry copper deposits.

For the following discussions, refer to the geologic map

(Figure 6-4) and the alteration map (Figure 6-7).

a. The Dos Pobres deposit. ]'he description of this deposit

is primarily taken from Langton and Williams (1982), aug-

mented by field observations by the authors.

The Dos Pobres deposit is the northwestern-most test

target within the area of this study. This deposit is approxi-

mately 14 km north of Safford. The clcvation of the sur-
face over the ore body varies from 900 to 1300 m above sea

level. The location of this deposit is shown on Figures 6-2
and 6-4.
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Table6-3.Geologic column and geochronolog_

Dates,
Name Rock Type Thickness, ft Age Events m.y.

Alluvium, terrace Sands, clay beds, gravels, siltstones, 0-2000 + Pleistocene-Recent Younger pediment, basin
gravels, basin fill conglomerates fill, and gravel

development

Gila Mountain
volcanics

UNCONFORMITY

Basalt and rhyolite dikes, sills,

plu_. Basalt flows, tufts, rhyolites,
agglomerates, vent debris, basal
conglomerate

UNCONFORMITY

Baboon Hornblende andesite dikes, sills,

metavolcanics- plugs
metavolcaniclastics

Propylitized andesite agglomerates,
flow breccias, mud flows, lithic

tufts, conglomerates

UNCONFORMITY

Productive

porphyries
Tonalite-quartz monzonite-
monzonite-granodiorite porphyry
stock(s), dikes, sills

Lone Star pluton(s) Quartz diorite-granodiorite
batholith

Safford
metavolcanics-
metavolcaniclastics

Metamorphosed hornblende and
pyroxene andesite flows, breccias,
agglomerates, wackes, mud flows

UNCONFORMITY

Amphibolite, gneiss, granite,
quartzite, schist

_Langton and Williams, 1982.

0-3000+

0- 1500+

35O0+

Miocene- Pliocene

Eocene

Eocene

Paleocene- Eocene

Upper Cretaceous-
Paleocene

Upper Cretaceous-
Paleocene

Precambrian

Basaltic volcanism

Major Basin and Range
gravity faulting, minor
tilting, erosion, and oxidation
Intrusion- Extrusion of

Gila Mountain volcanics

contemporaneous with
development of older
pediment

Hiatus, faulting, minor
folding and tilting

Extrusion of Upper
Baboon agglomerates

Late: prolific retrograde
veining
Extrusion of Lower

Baboon volcanics and

pyroclastics
Intrusion of hornblende

andesite magma(s)

Degassing and subsequent
crystallization of productive
rest magma(s) with accompany-
ing hydrothermal phase

Uplift, faulting, minor
folding, continued
volcanism

Crystallization of

productive porphyry dikes

Early pervasive mesozonal
contact metamorphism and
hydrothermal alteration

Intrusion of productive

magma(s)

Uplift, faulting, NE-
fblding, erosion, deposition
of volcaniclastic sediments

Crystallization of Lone
Star pluton(s)
Intrusion of Lone Star

magma(s) into Saflbrd

volcanics and subsequent
contact metamorphism
Extrusion of Safford

volcanics

Intrusion of Lone Star

magma(s) into
Precambrian
metasediments and

subsequent contact
metamorphism

Uplift, faulting erosion

46_+ -36 _+

46 +_

47 + -46 _+

47_+ -36_+

47.8 ± 1.8

52.2 + 2.0

56.9 _+2.2

59_+ 47+_

67 +--60-+

69_+ 60_+

70_+ 60_+

69.8 + 2.7
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Litholog),. There are four primary lithologic units in the
immediate area of the Dos Pobres deposit. These are, as

defined by Langton and Williams (1982), the Safford

metavolcanics, the "productive" porphyries, the horn-
blende andesite dikes and sills, and the Baboon metavol-

canics. Each of these lithologic units is briefly described
below.

(1) Saffbrd metavolcanics. More than 75 percent of the

potentially economic copper mineralization at Dos
Pobres occurs within the Safford metavolcanics. This

unit is a metamorphosed sequence of Cretaceous-
Tertiary volcanic rocks. The majority of these vol-

canic rocks are andesitic in composition, but dacites,

dacite tufts, and latites have also been recognized.

(2)

Most of the flows and volcanic breccias are horn-

blende or pyroxene andesites. These units have been
pervasively altered in the vicinity of the ore body;
the character of this alteration is discussed later. The

fragmental nature of the flow breccias is often

obscured by the effects of metamorphism or hydro-

thermal alteration. It is probable that the fragmental
nature of the volcanic rocks has been accentuated by

crackling. Contact metamorphism of these andesites

by the main granodiorite has been dated at 69.8 ± 2.7

m.y. (Langton and Williams, 1982).

"'Productive'porphyries. Some of the higher copper

grade values occur in the dikes or phacoliths in the

upper levels of the deposit. With increasing depth
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the porphyries become progressively lower grade and

eventually relatively barren. The principal "produc-

tive" or mineralized porphyry is generally a quartz

monzonite. However, the mineralized porphyry ranges

in composition to a tonalite or granodiorite.

The freshest samples tend to be granodioritic.

Phenocrysts within these fresh samples consist of

embayed quartz, plagioclase, hornblende, and dark-
brown biotite set in a matrix of the same minerals as

well as quartz and orthoclase. Langton and Williams

(1982) conclude that "it seems likely that the por-

phyry was indeed a granodiorite originally, and that

it was modified locally and erratically by late mag-
matic effects."

The productive porphyry is generally observed as
dikes or fragments of dikes in the central portion and

is dated at 52.2 ±2.0 m.y. A stock of the porphyry,

dated at 47.8 :t: 1.8 my., occurs at depth in the north-

western part of the deposit.

(3) Hornblende andesite dikes and sills. Hornblende
andesite dikes and sills are most obvious in the ENE-

trending shear zones away from the center of miner-

alization. Most of them are clearly consanguineous

with the Baboon volcanic rocks. Large titaniferous

hornblende phenocrysts, often more than 1 cm long,
occur in these nonmineralized intrusives. These dikes

are evidently late and postmineral and have acted
as 'dilutents to the ore zone. The grade of copper

mineralization near these dikes is almost always lower

than in the core of the ore body. No hornblende

andesite dikes or sills have been recognized in the

center of the porphyry deposit. The thickness of these
dikes varies considerably between the two andesitic
volcanic units. In the Safford metavolcanics, these

dikes are generally only 1 m thick. However, these

dikes may exceed 60 m in thickness within the lower

portion of the Baboon sequence.

(4) Baboon metavolcanics. The Baboon metavolcanics are

composed of propylitized andesitic agglomerates, flow

breccias, mud flows, and lithic tufl's of Tertiary age.

These outcrop north of the ore body and thicken to

more than 500 m in a northwesterly direction. The

Baboon sequence has been locally hydrothermally
altered. However, these units have not been meta-

morpbosed either by the productive porphyries or

by the parental pluton(s). Propylitization appears to

he autometamorphic away from the ENE-trending

shear zones; propylitization is clearly hydrothermal
near the ore body. The lower members of the Baboon

metavolcanics are intruded by hornblende andesite

dikes which are of late or postmineral age. Upper

units of this series contain large xenoliths of the same
dike rocks.

Structure. An important structure strongly influencing the

geometry of the ore body is the Butte (Foothill) Fault (Fig-
ure 6-4), which offsets the southern part of the ore body

700 m downward. Several ENE-trending faults which cut

the ore body have had considerable postmineral displace-

ment. These same structures were the principal channels

along which the productive porphyries were emplaced and

along which the ore-bearing fluids migrated. These faults
had recurrent movement and down-faulted the ore zone in

a step-like pattern from southeast to northwest. The offset-

ting movement along the ENE faults was essentially con-
temporaneous with the major vertical displacement of the
Butte Fault.

Crackle brecciation, which constitutes the dominant

fracturing in the mine area, is extensively developed in the
metavolcanics but is not as well developed in the produc-

tive porphyries. The crackling or fracturing not related to

postmineral faulting appears to be of hydrothermal origin.

Langton and Williams (1982, p. 341) describe this: "Sim-

ple parting across fragments and large phenocrysts, with
virtually no displacement of the respective boundaries, is

typical of the character of this fracturing and is seen

throughout the orebody."

Contact breccias often host the highest ore grade mate-
rial. These zones are intimately associated with the por-

phyries. Contact breccias are more important in the upper

portions of the deposit and appear to have formed early in

the intrusion history. The upper extremities of porphyry

dikes grade into the breccias, which contain numerous
fragments of the metavolcanics embedded in the porphyry.

A megabreccia incorporating large fragments of meta-
andesite, porphyry, and the contact breccia formed as

a later event. Langton and Williams (1982) relate this

megabreccia to "de-gassing of the productive rest-magma."

Erosion appears to have been more extensive to the
southeast of the ore body, and the Baboon volcanics are no

longer present 6 km away in this direction. As mentioned
previously, the Baboon volcanics thicken to at least 500 m

to the northwest of the ore body.

Although low-angle faulting has been recognized at the

Dos Pobres ore body, it is difficult to trace for any distance

along the strike and should not be detectable on the NS-

001 images.
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Subsequent to the mineralization, the Miocene-
Pliocene Gila Mountain volcanic rocks were extruded onto

an erosion surface. Exposed at this erosional surface were

the Laramide intrusives and consanguineous metavolca-
nics. These volcanic rocks form a blanket that obscures the

target zone from the imaging sensors. The source of these
volcanic rocks was to the northeast along Bonita Creek.

Pediment formation along the southwestern front of the

Gila Mountains occurred contemporaneously with this

period of volcanism. The amount of gravel derived from
these volcanics thickens rapidly toward the center of the

Safford Valley. These pediment gravels obscure a signifi-

cant portion of the test site area. However, numerous small-

to medium-sized outcrops of altered units are exposed

through the thinner part of the pediment gravels.

The last major tectonic event in the district is rep-

resented by Basin and Range block faulting. The NW-

trending faults were particularly active. Normal gravity

displacements in excess of 600 m have been recognized on

several of these high-angle structures. Adjustments along

N-S- and NE-trending faults also occurred, but of lesser

magnitude than on the Butte, Red Dyke, and Valley Faults.

Erosion and oxidation of the ore body prior to the deposi-
tion of the Gila Mountain volcanics, and similar erosion,

oxidation, and development of extensive thicknesses of clay

beds, basin fill, terrace gravels, and alluvium during Plio-

cene and Recent periods, established the present surface

environment. This is the complicated surface that was

imaged by the various remote sensing instruments as part

of this test case study.

Alteration. The earliest alteration change to occur in the

productive porphyry was the replacement of hornblende

by biotite flakes. The biotite flakes appear to be identical
in character to the biotite phenocrysts. In some cases bio-

tite may also have crystallized as frilly rings or overgrowths

on the larger biotite books. Langton and Williams (1982)

attribute this alteration to a late magmatic age. Coarse-

grained primary biotite was deformed by flowage; new or

late magmatic biotite was not. This biotite alteration may

have taken place while the wall rocks, adjacent to the

productive porphyry, were undergoing mesozonal meta-

morphism.

As cooling of the porphyries continued, late magmatic

biotite ceased to tbrm and a new mineral assemblage began

to crystallize. This assemblage was quartz + orthoclase +

magnetite + bornitc. The quartz and orthoclase grew in

the matrix at the expense of plagioclase and late magmatic

biotite. Metamorphosis of the porphyry from a granodio-

rite to a quartz monzonite probably began as late mag-

matic but continued into the deuteric stage. This late

magmatic to deuteric alteration is often fracture controlled

and pervasive. Veinlets of quartz and orthoclase accompa-

nied by bornite are seen filling fractures. These veinlets have

a distinctly hydrothermal aspect and probably coin-

cided with the main pulse of mineralization and associated
K-metasomatism in the wall rocks.

This episode ended with simple deuteric alteration,

and the surviving biotite was partially replaced by coarse

clinochlore and blebs of epidote with accessory rutile.

The chlorite developed from the biotite may have been

accompanied by minute platelets of hematite. During this

deuteric alteration, plagioclase was altered, weakening to a

mixture of shreddy sericite and some earthy epidote. Usu-

ally only the cores of plagioclase phenocrysts are so afflicted,

with the sodic rims remaining unchanged. Sulfides were

deposited in veins and veinlets at this time, with chalcopy-
rite and bornite developing in a gangue of quartz, carbon-
ate, and chlorite.

In some areas the porphyry shows incipient alteration to

a quartz-sericite assemblage. This alteration is also of deu-
teric age and occurs in areas where more sulfur was avail-

able; such alteration is seldom complete. There is a tendency

in this assemblage for quartz in the groundmass to grow to

the point of coalescing, and for all remaining feldspars and

altered mafites to be partially replaced by sericite. Any

chlorite that survived this alteration is highly magnesian.

Pyrite may appear in the sulfide assemblage and bornite

gives way to chalcopyrite. These sulfide minerals occur in

quartz veinlets or may be disseminated in sites of former
mafites. Alteration of this nature is uncommon and seldom

complete. This is typical of low-sulfur porphyry copper

systems; the best example of such alteration is observable
locally on the southeast side of the ore body.

During the progression of alteration from fresh to deu-
teric to new biotite, the rock chemistry changed with a

decrease in SiO 2 and an increase in Ti, Na, A1, and Fe.

These chemical changes are mainly due to the develop-

ment of abundant new biotite. The K20 content remains

relatively stable, which reflects the loss of orthoclase dur-

ing new biotite growth and implies no real K-metasoma-
tism within the intrusive.

Langton and Williams (1982, p. 343) conclude:

The elements that show considerable change are those

whose mobility is closely tied to the presence of sulfur.

Calcium is the best example, for it is quickly removed
when sulfur is available; elements such as Si and AI

increase only because they are residual, and there is a

corresponding decrease in the volume of the original
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rock. The assemblage quartz-sericite-rutile derives

readily from plagioclase-sphene in the presence of
sulfur, and the loss of Ca from plagioclase is inevita-

bly the major change.

The alteration in the andesites that host the productive

porphyries and the majority of the copper values has a

somewhat more complex history. The andesitic volcanic

rocks exhibit an epizonal metamorphic (alteration) event

of almost regional extent. This is believed to represent the

composite effect of two processes. One of these processes

was the slow cooling of the thick, rapidly extruded andesit-

ic pile, resulting in autometamorphism. Langton and

Williams (1982) suggest the presence of a slowly cooling

heat source at depth as the second cause for the abnor-

mally strong epizonal effects in the andesitic volcanic rocks
of the district. These effects are in contrast to weaker effects

in many other thick mafic volcanic piles. The logical source

of heat at depth is the granodiorite or a parent pluton of
batholithic dimensions.

The andesites demonstrate an alteration assemblage

characterized by stability of epidote and pennine. These

alteration minerals may completely replace mafic minerals

by a mixture of coarse-grained epidote prisms embedded
in pennine. Epidote partially replaces plagioclase: the

remainder of the plagioclase not replaced by epidote is

albitic. Excess iron in the system is developed from altera-
tion of mafic minerals and from accessory magnetite. This

excess iron forms tiny hematite tablets in situ. Calcite is

commonly present but not abundant in the volcanic rocks.

Calcite may form patchy crystalloblasts in the matrix of
the andesitic volcanics. In contrast to the andesites, dacites

responded differently and are altered to an assemblage of
quartz sericite-pennine with epidote rare or absent.

A second thermal alteration event was imposed on the

volcanics in the aureole around the Dos Pobres deposit.

This resulted from rising temperatures that related to

intrusion of the productive magma. During the thermal

event, epidote and pennine formed, often as continued

development of the same earlier formed minerals, but with

exaggerated growth. During this stage of alteration, plagio-

clase was sometimes completely destroyed. Clots or pods

of coarse-grained epidote, with interstitial calcite and pen-

nine, spread crystalloblastically and invaded the surround-

ing matrix. The process of formation of these clots initiated

from a variety of centers; these include phenocrysts, espe-

cially reactive xenoliths, or merely at intersections of frac-
tures. Some of these clots show epidote veinlets extending

away in one or two directions. This zone dies out away
from the productive porphyry and eventually blends into

the regional propylitization, which has an identical miner-

alogy in the alteration assemblage. The alteration effects of
this aureole cannot be seen with any certainty beyond about

600 m from the periphery of the ore body.

Mesozonal metamorphism began as temperature rose,

accompanying the final emplacement of the productive

magma. Alteration accompanying this phase of the

emplacement cycle is one where the earlier alteration

assemblages were destroyed and the andesites exhibit
abundant secondary actinolitic hornblende and brown

biotite. This event has been dated at 56.9 + 2,2 m.y. from

these ferromagnesium alteration minerals (Langton and

Williams, 1982). Both minerals occur as small crystals that

replace both relict plagioclase and the pre-existing horn-
blende. The new actinolitic hornblende is not iron rich;

disseminated, dust-like magnetite is a common accessory

mineral in the alteration assemblage. In many samples the

disseminated magnetite is concentrated in hazily defined

areas, indicating that these zones may represent former

cognate xenoliths.

This early mesozonal metamorphism was a transient stage.

More K20 was added to the system during mesozonal con-
ditions, and the alteration mineral assemblage yielded to a

metasomatic one. This metasomatic alteration represents

the main pulse of K-metasomatism which accompanied the
mineralization. In the zones where this has been most

intense, it affects even the productive porphyry dikes. The
result of the most intense K-metasomatism is that these

dikes may be so heavily replaced by secondary biotite that

they are visually indistinguishable from the andesites, except

for the ghost of biotite phenocrysts.

Crackling was an important alteration and ore emplace-
ment mechanism during the period of mesozonal K-meta-

somatism. Crackling appears to have been relatively

unimportant during the preceding mesozonal metamor-

phism. However, the crackling associated with the K-meta-

somatism provided fractures that served as pathways for
the mineralizing fluids and that are now veinlets carrying

quartz, orthoclase, apatite, bornite, and chalcopyrite.

The zone of secondary biotite may be observed by visual

inspection of samples up to 500 m away from the center of

the ore body. The biotite zone gradually fades and mcrges
into the surrounding propylitic assemblage. Toward the

outer margin of the zone, biotite becomes paler and assumes

a green color. This shift in color of secondary biotite is first

shown by biotite that has formed at the expense of plagio-
clase, while the biotite apparently developed in the rock
matrix because the same area is still brown. Eventually,

even the secondary biotite in the matrix takes on a green
color.
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Oxidation and erosion were the dominant forces at work

on the area of the ore body during Oligocene and early

Miocene times. At this time, minor supergene alteration

and enrichment were superimposed on the hypogene ore

in the Dos Pobres deposit. "The central portion of the Dos

Pobres chalcopyrite-bornite ore pipe was partially leached,

thoroughly oxidized, and locally enriched to depths of

approximately 1,200 m (2,900 ft. level)" (Langton and

Williams, 1982, p. 351). Chrysocolla and cuprite are the

dominant copper oxides over the center of the sulfide ore.

Hematitic, jarositic, and goethitic limonite cappings on the

southeast side of the ore body reflect former minor chalco-

cite enrichment in the vicinity of the productive porphyries
at a level now exposed by erosion.

b. The San Juan deposit. The San Juan deposit is a small

porphyry copper system that is located between the Dos

Pobres and Kennecott deposits. The mineralized porphyry

has had fairly extensive surface disturbance which reduces

its usefulness as a test case. In addition, during the NS-001

data overflight there was a short malfunction of the scan-

ner and no data for the immediate San Juan deposit were

collected. The majority of the information on this deposit
comes from Blake's (1971) master's thesis.

Lithology. In the San Juan Mine area, a composite stock

composed primarily of quartz monzonite porphyry with a

lesser amount of granodiorite porphyry intrudes the andes-

itic volcanic rocks. Small bodies of granite porphyry and

quartz diorite porphyry also occur in this area. Blake (1971)

reports that, texturally, portions of the quartz monzonite

porphyry approach the appearance of a quartz latite

porphyry.

Mineralization. The mineralization at the San Juan deposit

consists primarily of pyrite and chalcopyrite. The ratio of

pyrite to chalcopyrite varies from 20:1 (with 3 to 5 vol-

ume-percent sulfide in the pyrite halo) to 1:! (with an

average of 2 to 3 volume-percent sulfide in the centraJ zone).

Disseminated sulfides in the quartz-feldspar groundmass
of the porphyry preceded the period of stockwork sulfide

deposition. Blake (1971) recognized the development of

magnetite which accompanied the sulfide deposition at this

property. Chrysocolla is the most abundant copper oxide
mineral present in the exposed portion of the San Juan
mineralization.

The supergene environment at the San Juan deposit has

not been conducive to the development of a stable chalco-

cite zone. It is possible that a chalcocite blanket may have
formerly existed above the San Juan stock. If so, this has

been completely removed. At the San Juan deposit, a weak

goethitic and mixed limonite capping has developed.

Structure. The main structural ore control at the San Juan

deposit is the NE-trending San Juan shear zone. This

1000-m wide zone of shearing is separated from the Lone

Star shear zone by 1000 to 1300 m of less sheared andesitic

volcanics. The shearing in the San Juan zone is more intense
near the San Juan stock. Other fracture directions include

NW, E-W, and NNE trends which intersect at the San
Juan stock. Mineralization is localized in fractures within

and adjacent to the stock and in nearby breccia pipes and
breccia dikes.

In addition to the San Juan shear zone, there are weaker

NW-, E-W-, and NNE-mineralized structures. Blake (1971)

recognizes a radiating structural pattern in the San Juan

stock area which he relates to forceful emplacement of the

stock. Dikes have been emplaced along these fracture
directions.

The shattered contact zone of the Laramide stock and

the adjacent Cretaceous porphyritic andesites formed the

major loci for emplacement of copper mineralization (Blake,
1971). Some of the mineralization occurs as true dissemi-

nations within the quartz-potash feldspar groundmass of
the intrusive rocks.

Small breccia pipes and breccia or pebble dikes occur

near the San Juan deposit. Blake (1971) mapped at least

four small breccia pipes in the San Juan Mine area.

Numerous highly fractured areas and breccia dikes are also
shown on Blake's maps. The largest of these pipes is aligned

northeast with a long axis of 150 m and a width of approx-

imately 80 m. This pipe is located northwest of the San
Juan stock. Two smaller pipes, each approximately 80 by

40 m, occur within the San Juan stock. Another pipe

southeast of the stock is associated with a small quartz diorite

porphyry intrusive. This pipe has a diameter of approxi-

mately 60 m.

Formation of the breccia pipes in the San Juan Mine

area clearly postdates the emplacement of the San Juan

stock and associated dikes. Fragments of the plutonic rocks

are incorporated into the breccias. Blake (1971) related these
pipes to the last phase of the mineralization process. The

pipes are slightly mineralized and the brecciated fragments

are sericitically altered. Breccia fragments vary in size from

rock flour to fragments measuring over 30 cm in diameter.

However, most of the breccia fragments are less than 30

cm in size. Angular fragments predominate, but some

rounded fragments occur. The breccia dikes in the San Juan
area tend to follow the northeast shear trend. These dikes

are narrow and do not exceed 2 m in width (Blake, 1971 ).
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Slight silicification associated with the quartz-sericite
alteration of the breccia pipes sometimes results in devel-

opment of moderate topographic highs. The breccia pipe

outcrops are frequently iron stained as a result of oxida-

tion of associated pyrite.

Alteration. In the San Juan area, there is a K-feldspar-

quartz-biotite-sericite zone centered on the intrusive. This

is surrounded by a zone where quartz and sericite have

been introduced primarily along widely spaced small frac-
tures. The overall extent of this quartz-sericite zone as

defined by Blake (1971) is smaller than and encompassed

by the pyritic halo which measures 2300 by 3000 m. The

quartz-sericite zone is surrounded by a progressively

changing propylitic zone. This zone includes in places the

devclopment of secondary biotite, albite, and chlorite along

with the normal propylitic assemblage of epidote-chlorite-
calcite.

c. The Kennecott deposit. This section, which is based

primarily on the published paper of Robinson and Cook
(1966), describes the Kennecott (Lone Star) deposit. The

deposit is located south and east of the Dos Pobres and

San Juan deposits.

Litholog),. The host rocks (older volcanics), which con-
tain the Kennecott ore body, consist of Cretaceous to early

Tertiary andesitic and dacitic volcanic rocks. These have
been intruded by quartz diorite, granodiorite, and quartz

monzonite porphyry stocks, rhyolite, latite, quartz latite,
and related dikes. Postmineral basalt and more acidic mid-

to late Tertiary volcanic rocks of the Gila Mountain vol-

canic sequence cover a significant portion of the ore body.

In the vicinity of the Kennecott deposit, the Lone Star

stock has been emplaced in the NE-trending Lone Star shear

zone. This stock is primarily composed of quartz diorite,

with minor amounts of granodiorite. A body of quartz

monzonite is exposed at the northeast edge of the stock.

This elongate, composite intrusive has intruded the por-

phyritic andesite of the older volcanic rocks. The pluton
has dimensions of at least 2500 by 1300 m. The Lone Star

stock has resisted later shearing and is not the main ore
host rock.

Following emplacement of the Lone Star stock, a dike

swarm of acidic to intermediate composition was emplaced

in the porphyritic older andesite. Robinson and Cook (1966)

relate some of these quartz latite, rhyolite, quartz diorite,

and granodiorite dikes to a volcanic vent. This vent-like
area has some of the characteristics of a breccia pipe. The

vent is composed of acid volcanics similar in composition
to the dike swarm. Robinson and Cook (1966, p. 253) state:

Some of the dikes probably emanate from a rhyolitic

plug, and together with pyroclastics, crystalline tuff,
and tuff breccia they fill a steep-sided deep-seated vent

2,000 by 1,500 feet in area and at least 2,000 feet in
vertical extent.

Robinson and Cook (1966) conclude that the volcanic

vent itself predates the mineralization. The associated dike

swarm and related fracturing comprise the loci for miner-

alization. Individual dikes vary from a few centimeters up

to 600 m in width. Strike length is variable. The longest

dikes may have strike lengths of 600 to 1300 m (Robinson

and Cook, 1966).

Small breccia pipes and breccia or pebble dikes occur

near thc Kennecott deposit (Robinson and Cook, 1966).

These are primarily aligncd along N 50o-65 ° E-trending
fractures. In the area of the Lone Star stock, three small

breccia pipes, up to 15 m in diameter, occur near the At
Ease Fault. Small pebble or breccia dikes up to 30 cm in

width extend from these pipes (Robinson and Cook, 1966).

Mineralization. The ore body consists of the primary sul-

fide minerals pyrite and chalcopyrite, with lesser amounts
of bornite and other hypogene sulfides. Pyrite is the most

abundant sulfide present, with a pyrite-to-chalcopyrite ratio
of 10:1 to 21:1 and with total sulfide of 4 to 8 volume-per-

cent in the pyrite zone. A portion of the pyrite zone for this

deposit is exposed at the surface south of the deposit.

In addition to chalcopyrite in the Kennecott ore body,

small amounts of bornite and molybdenite and trace

amounts of galena, sphalerite, and tetrahedrite are noted

by Robinson and Cook (1966). At the Kennecott deposit

there appears to be a deeper, molybdenite-bearing central
zone with molybdenite in quartz veinlets (Robinson and

Cook, 1966).

Robinson and Cook (1966) conclude that the dissemi-

nated sulfides in thin quartz veinlets at the Kennecott deposit

preceded the stockwork sulfide deposition. Replacement of

magnetite and ferromagnesian minerals by sulfides occurred
at the Kennecott deposit. Magnetite was also developed

during alteration of mafic rock-tbrming minerals away from

the main part of the ore zone. Magnetite and wolframite
occur in small quartz-carbonate veins.

The history of supergene mineralization in the district is

complicated by a complex structural and erosional history.
In addition to the vertical block movements controlled by

the NE-trending faults, there are normal faults following a
northwest trend such as the Butte Fault. The result is the

removal of variable amounts of the sulfide system at each
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of the porphyry deposits in the district. At the Kennecott

ore body, removal of the pyrite halo that existed above the

enrichment blanket resulted in partial destruction of the

chalcocite zone by oxidation and partial leaching.

The supergene copper minerals include chrysocolla,

chalcocite, and covellite. The supergene history of the

Kennecott ore body as described by Robinson and Cook

(1966) can be used to understand the supergene processes

at the other deposits of the Safford District. Following

hypogene mineralization, the Kennecott ore body was sub-

jected to oxidation and leaching. Pyrite present in the halo

above the coppei protore provided sufficient acid for effec-

tive leaching of the copper to take place. Uplift occurred

along NE and NW structures and erosion exposed the top

of the leaching system. Once the pyritic material was con-

sumed by supergene processes or removed by erosion, the

lower pyrite central zone became deficient in leaching

potential. Subsequent periods of uplift resulted in partial
destruction of the chalcocite blanket. The net result is the

development of a buried leached capping up to 300 m thick,

with an average thickness of 140 m (Robinson and Cook,
1966). Under this capping is an ore body consisting of three

classes of ore: oxide, mixed, and sulfide. In the supergene

sulfide zone, chalcocite and covellite replace chalcopyrite

and bornite, and coat pyrite.

At least a portion of the oxidation and enrichment his-

tory of the Kennecott ore body predates the Tertiary inter-

mediate volcanic rocks. Fragments of leached capping are

found in the basal conglomerate beneath these volcanics.

Less than 1 m-" of leached capping is exposed over the

Kennecott ore body. This exposure occurs in a small win-

dow in the overlying younger volcanic rocks (Robinson and

Cook, 1966). In the suboutcrop, the capping consists of
brown-red-maroon-stained andesite and intrusive rock

(Robinson and Cook, 1966); goethitc and hematite are the

predominant limonite minerals, but some jarosite is pres-
ent. Jarosite, associated with alunite, clay, and turquoise, is

also present along fractures. The predominance of goethite
with hematite in the suboutcrop capping gives way tojarosite

and veinlets of alunite over the pyrite halo (Robinson and

Cook, 1966). If the postmineral volcanic rocks had been

removed by erosion, a conspicuous leached capping would
have been visible over the ore zone.

Structure. The main structural controls of mineralization

in the Safford District, in general, and for the Kennecott

deposit are the NE-trending shear zones. Movements along
this trend may date from the Precambrian. Certainly, pre-

Early Tertiary movement occurred to prepare the zones of

structural weakness that served as loci for pluton emplace-

ment, dike swarms, and breccia pipe development.

Mineralization at the Kennecott deposit is related to the

area of closely spaced NE-trending dikes emplaced along

the major shear zone. Both the dikes and well-fractured
andesites are mineralized. On the 1200-m level of the Ken-

necott (Safford) ore body, dikes comprise approximately

25 percent of the mineralized area (Robinson and Cook,

1966), similar to the productive porphyries at Dos Pobres.

Primary mineralization occurs preferentially where numer-

ous, closely spaced, small dikes intrude the porphyritic
andesite.

The Lone Star shear zone is bounded by the NE-trend-

ing Lone Star and At Ease Faults (Figure 6-4). This shear
zone extends at least 5000 m from the Lone Star stock and

1600 m under the Tertiary volcanic rocks. Robinson and
Cook (1966) conclude that this zone represents a horst block

with a possible upward displacement of 250 m.

The mineralization at the Kennecott ore bodies occurs

peripherally to the subvolcanic vent previously mentioned.

In this area, the strongly sheared porphyritic andesites are

cut by the closely spaced dike swarm (Robinson and Cook,
1966).

Alteration. Figure 6-8 shows alteration patterns and pyrite

distribution as mapped in the field approximately 20 years

ago (Robinson and Cook, 1966). An area measuring

approximately 3600 by 1800 m was subjected to fairly

extertsive hydrothermal alteration. However, only about one-

half of this area is exposed, with the remainder being cov-

ered by the postmineral Tertiary volcanics.

A strongly developed quartz sericite zone exists in the

southwestern portion of the central area of intense altera-
tion. This quartz-sericite zone adjoins and is partially

superimposed on a large area where secondary biotite is
pervasive. This strong secondary biotite zone lies to the

southwest of the center of intense alteration. The quartz

sericite and secondary biotite zones correspond to the spa-

tia[ distribution of the Kennecott ore body. Surrounding

these two zones are chloritic and propylitic alteration

assemblages as roughly concentric zones. Portions of the

quartz sericite and the chloritized zones correspond to the

pyritic halo. According to Robinson and Cook (1966) the

propylitic alteration zone is unmineralized except where
traversed by shear zones, veins, or dikes that are accompa-

nied by sulfide minerals.

Boundaries of alteration zones are fairly arbitrary because

the mineralogical changes are transitional and overlap-
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ping. This is particularly the case in the porphyritic andes-
ite host rock. The distribution of the host-rock lithologies

plays an important part in the alteration mineral assem-

blage formed at the Kennecott and other porphyry depos-
its in this district. For example, while there may be very

weak and thin seams of quartz-sericite alteration cutting

the andesites, this alteration assemblage js more restricted

to the more acid rock types. The quartz-sericite alteration
assemblage is primarily restricted to the post-older andes-

ite intrusive complex and to the pyroclastic lithic tuff and
volcanic vent debris. Sericite occurs in almost all the dikes

and along their contact zones with the porphyritic andesite
for a distance of more than 3000 m southwest of the ore

body. This dike-associated sericite transects the chloritic and

propylitic alteration zones. Sericite is clearly formed later

than the biotitization because sericitization occurs along
veins, shears, and contacts that cut the zone of biotitization.

Plagioclase, as both phenocrysts and groundmass mate-

rial within the intrusives, has been thoroughly converted to

sericite and quartz. This has taken place mainly along
veinlets.

Potash feldspar makes up 15 to 20 percent of the

groundmass of the intrusives; this K-feldspar is probably

primary. However, the concentration of K-feldspar along

veins indicates addition or migration of potassium during

alteration. Secondary K-feldspar and associated quartz and
sericite are abundant along veins that cut the porphyritic
andesite near the ore zone.

Robinson and Cook (1966, p. 260) describe the biotite
zone as follows:

The rocks mainly affected by this type of alteration

are the porphyritic andesites. Hornblende and augite
were replaced by brown biotite in flakes, clots, and,

more rarely, in veinlets carrying sulfides. The strong-

est biotitization- 10 to 50 percent and averaging about

20 percent-is developed around the intrusive plugs

and dikes in and adjoining the orebody. The acidic to

intermediate intrusive rocks have secondary biotite

developed in only minor amounts, a few percent, along

quartz veinlets. Other occurrences in these intrusives,

if ever present, were probably destroyed by the later
sericitic alteration phase ....

Chlorite is the most widely distributed alteration min-
eral within the alteration halo. In fact, the distribution of

chlorite in the area of the Kennecott deposit extends over

all the other alteration assemblages. A 300- to 900-m-wide

zone ascribed to predominantly chloritic alteration sur-

rounds and overlaps the biotitized and sericitized zones on

the southwest side of the ore body. The Bear Creek Mining

Company and Kennecott geologists who mapped this zone

defined the chloritic zone as being where chlorite predomi-

nated over biotite in the replacement of mafic minerals.

Since this was done by field mapping methods, greenish

biotite may have been misidentified, and the actual chlo-

ritic zone may be of a smaller extent than mapped.

Propylitic alteration in the zone around the Kennecott

ore body is the most widespread of the alteration zones.

Epidote and chlorite sometimes associated with calcite are

the alteration minerals present in this zone. Much of what

has been called widespread propylitic alteration may have

been caused by autometamorphism of the andesitic vol-

canic rocks. It appears that at least some part of the propy-

litic mineral assemblage is related to hydrothermal processes.

d. The Sanchez deposit. The Sanchez deposit is a small

porphyry copper deposit at the extreme southeastern end

of the test site area. This deposit has had a considerable
amount of disturbance from mining activity, which dimin-

ishes its usefulness as a test case target for development of

mineral exploration criteria. Very little published informa-

tion exists regarding this deposit. The primary sources used
for the basis of this discussion are Robinson and Cook (1966)

and Readdy (1978).

Lithology. In the area of the Sanchez deposit there are
altered quartz monzonite intrusives which host the copper

mineralization, porphyritic andesite, younger Tertiary vol-

canics, and intrusive dike rocks of diorite to quartz mon-

zonite composition.

Mineralization. From the presently available data it

appears that the upper portion of the primary copper zone

and the overlying pyrite halo have been removed from the

Sanchez deposit by erosion. The level of the presently

exposed porphyry system appears to correspond to the
central part of the chalcopyrite zone. The goethitic capping

and the abundant copper oxides in this deposit are indica-

tive of a low pyrite-to-chalcopyrite ratio.

Structure. The Sanchez deposit is cut by four directions

of fracturing. These are the same NE, NW, E W, and

N-S trends that exist elsewhere in this district. The deposit

has a structural setting similar to the other three porphyry

systems but apparently lacks the well-developed system of
dikes that Js common to the others. This may be the result

of the level of erosion of the porphyry system.

A Iteration. The predominant alteration assemblage pres-

ent in the quartz monzonite porphyry is argillic. Propylitic

alteration is present in the porphyritic andesites.
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G. Summaryof ObservableFeatures

From the descriptions of the sulfide and alteration sys-

tems present in this test site, it can be seen that many of

these target areas are of adequate size for detection by the

various remote sensing surveys. The more limited altera-

tion zones, such as those associated with small dikes, may

be below the spatial limits of direct detection. However,

they will provide a contribution to the spectral signature of

the area imaged.

There are a number of reasons why differences should

be anticipated between field-mapped alteration and leached

capping patterns and those mapped from various remote

sensing images. These include the integrating aspects of the

:sensors and field mapping of fresh exposures versus sensor
imaging of weathered surfaces.

Field geologists, when mapping alteration and leached
cappings, break the rock to get a fresh, unweathered sur-

face for rock type, alteration, and mineralogical identifica-
tion'. Field mapping therefore records the fresh rock

characteristics. What the remote sensors image are com-

plex mixtures of surficial materials. These mixtures include

the weathered surface skin of outcrops, desert varnish and

other coatings, soil, weathered and relatively fresh rock

fragments that have migrated from their original position,

dust coatings, plants, etc.

Another important difference between mapping in the

field and mapping from remote sensing images is that a

considerable amount of subjectivity is involved in field

mapping alteration zones. The field geologist is constantly
making rapid decisions as to which alteration zone an out-

crop represents, often based on only cursory inspection of
hand samples. He also does not have the time to examine a

fresh sample of every outcrop within a large target area in

order to prepare an alteration map to guide further explo-

ration. He must, of necessity, work relatively rapidly to form

an integrated interpretation of the pattern of alteration in
the overall area.

The field geologist will therefore examine the main out-

crops and make, at times, widely spaced traverses. He will

also avoid mapping alteration and capping information from

transported material. Since the sensor reports the net

reflectance signature for all of the material within each sin-

gle resolution element, it therefore mixes surficial mate-

rials with outcrops. In any case, the airborne scanners only
record the surface characteristics of the material.

Altered rock units are frequently more susceptible to the

development of new mineral species as weathered coatings

than are the corresponding unaltered rocks. This is defi-

nitely the case at the Safford site. The field and reflectance

evidence suggests that chlorite is more prevalent in the

weathered surface than in fresh exposures of the altered
rock.

As a result of the above factors, the NS-001 Thematic

Mapper Simulator should provide a useful map of the

alteration pattern. However, there will be differences in what

this scanner will identify as the alteration class versus what

exists in the fresh rock. This is not really a major problem.

Once the target pattern has been recognized, the geologist

can go into the field and provide the required refinements.

III. Field and Laboratory Spectral
Measurements

A. Field Spectra

I. Description and procedure. In situ reflectance mea-
surements were obtained at Safford in the area of the Dos

Pobres deposit. Twelve units were sampled at a total of fif-

teen different sites. The measurement procedures consisted

of making 8 10 measurements over a 10- by 10-m area for

a given geologic unit (Figure 6-9, Table 6-4).

Data were obtained with JPL's Portable Field Reflec-

tance Spectrometer (PFRS). This instrument consists of a

separate optical head and amplifier recorder assembly. In

the field, a 5- by 40-cm (200-cm 2) area is viewed, and the

bidirectional reflectance spectrum in the 0.45- to 2.45-_m

region is recorded with moderate spectral resolution (A)_/_

_- 0.02 to 0.04). Immediately following, a reflectance spec-

trum is measured of a white standard (Fiberfrax _-_,a ceramic

wool) placed at the same orientation as the sampled area.

In the laboratory, the sample spectrum is divided point by

point with the Fiberfrax _ spectrum to produce a normal-
ized spectrum of reflectance relative to the Fiberfrax "_':.A

further correction is made to convert the relative spectrum

to absolute reflectance based on laboratory measurements

of the Fiberfrax's ':_response.

The major advantage of the field measurement tech-

nique over laboratory spectral measurements is that the data

obtained are more representative of naturally occurring
conditions. Under natural in situ conditions, the instru-

ment's field of view includes soils, various rock fragments,

dead and live vegetation, etc., rather than I-cm 2 powders
or chips of rock material which are measured using labora-

tory instruments. In addition, a larger area is measured and,

by acquiring many samples in a 10- by 10-m area, then
averaging the spectra, the spectral characteristics of a larger

area can be approximated.
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Spectral measurements were obtained in the field to aid

in characterizing the spectral reflectance properties of the
rocks and soils exposed at the Safford site. Samples were
collected at each measurement site and were returned to

the laboratory for mineralogical analyses. By comparison

of the spectra and the mineralogy, a direct link could be

established between chemical composition and spectral

characteristics. This knowledge is invaluable for interpret-

ing the remote sensing image data.

In addition, the PFRS spectra provide a data base for

statistically examining the separability of different rock types

as a function of wavelength regions examined. Examples

of this type of analysis will be presented later. And, finally,

analysis of the spectra can help in selection of image pro-

cessing algorithms to apply to the aircraft scanner data.
This facet will also be presented later.

2. Spectral measurements. The spectral reflectance char-

acteristics of rocks and minerals in the 0.4- to 2.5-#m region

are due to electronic processes and vibrational processes

(Hunt and Ashley, 1979). Electronic processes are respon-

sible for features that appear at wavelengths shorter than

about 1.2/_m and are dominated by the presence of iron.
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Table 6-4. Sample numbers and rock types

Measurement Sample No. Rock Type
Type

PFRS 053101, 060110 Tertiary basalt

053102 Alluvium, basaltic

053103 Andesite

053106, 060108 Andesite, weak propylitic

053104, 060216 Andesite, propylitic

060214 Andesite, hematitic

053105 Alluvium, rhyolitic

060112 Soil, limonitic boulders

060215 Quaternary basalt

060109 Latite tufts

060107 Quartz monzonite

060111 Andesite conglomerate

Laboratory A Andesite, propylitic

B Andesite, propylitic

C Quartz monzonite, sericitic

D Quartz monzonite, sericitic

E Quartz monzonite, sericitic

F Quartz monzonite, sericitic

G Andesite, propylitic

H Latite, sericitic

I Latite, sericitic

1 Latite, sericitic

2 Latite, sericitic

3 Latite, sericitic

4 Andesite, propylitic

5 Tcrtiary basalt

6 Dacite

7 Dacite

8 Andesite

Electronic transitions involve either the transfer of an elec-

tron between two ions (intervalence charge transfer) or

transitions between the crystal field perturbed energy lev-

els of an ion. The former process is responsible for the fer-

ric iron band centered in the near-ultraviolet range; it is

this mechanism which produces the sharp falloff in reflec-

tance to shorter wavelengths. The latter mechanism pro-

duces three fairly broad features in the spectra of ferric

oxides that occur between 0.75 and 0.95 _m, between 0.55

and 0.65 btm, and near 0.45 /zm. The presence of ferrous

iron is most typically evidenced by the prominent appear-

ance of a broad band near 1 to 1.1/tm.

From 1.2 /tin to longer wavelengths, all features exclu-

sively involve vibrational transitions of the hydroxyl (OH)

groups. Single or multiple features at 1.4/_m are due to the

first overtone of the fundamental OH stretching vibration,

or to a combination of the fundamental stretching modes

of two different OH groups. Unfortunately, this region is

overlapped by a water absorption band in the atmosphere,

so no energy from the sun reaches the surface. Therefore,

this region is only of use for laboratory measurements.

Features or bands appearing near 2.2 _m are due to

combinations of the OH fundamental stretch with the

AI-O H fundamental bending mode. These features appear

slightly different in different materials because the OH

groups occur in somewhat different environments. It is

common for this feature to appear in phyllosilicates that

possess a dioctahedral structure, such as kaolinite, musco-

vite, and montmorillonite.

When a feature appears near 2.3 t_m in the absence of

one at 2.2/_m, it is typically due to a combination of the

OH stretching mode with the fundamental bending mode

of Mg-O-H, such as in biotite. Single or multiple absorp-
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tion bands near 2.35 #m are typical of the presence of

overtones of the C-O stretching mode in carbonates.

The average PFRS spectra for the twelve measured units

are shown in Figures 6-10 and 6-11. Also shown in dashed

lines is the one standard deviation envelope for the aver-

age curves. The first three spectra are of Quaternary allu-

vium of varying composition. The spectrum of soil/limonitic

boulders (Figure 6-10a) is of moderately low albedo. Weak
absorption bands can be seen at 0.65 and 0.95 _m; also

apparent below 0.7 _m is a strong falloff in reflectance
toward the ultraviolet. These three features are attribut-

able to the presence of ferric iron and are due to conduc-

tion bands and electronic processes (Hunt et al., 1971).

The spectrum of Quaternary alluvium/basalt (Figure

6-10b) is dominated by the presence of basaltic chips and

boulders. Low albedo and weak absorption bands are

indicative of the presence of iron oxide. There is a sugges-

tion of an absorption band near 2.3 t_m, which may be due

to ferrous iron. The spectrum of Quaternary alluvium/basalt

and rhyolite (Figure 6-10c) is similar to the previous spec-

trum but lacks the weak 2.3-/_m band. Higher overall albedo
is attributed to the presence of lighter-colored rhyolite

fragments in the field of view. These three alluvium curves

are of unaltered materials, based on the absence of absorp-
tion bands associated with clay minerals.

The spectrum of Quaternary-Tertiary basalt (Figure

6-10d) is basically flat with low albedo. Weak ferric iron
absorption bands and the falloff in reflectance toward the

ultraviolet are the only distinctive spectral features seen.

The spectrum of Tertiary basalt (Figure 6-10e) is virtually

identical to that of Quaternary basalt, but with slightly lower
albedo.

The spectrum of latite tufts (Figure 6-10t") shows subtle

absorption bands at 0.65, 0.9, and 2.2 #m. The first two are

due to ferric iron; the third band, just beyond 2.2 _m, is
due to minor montmorillonite present on the rock surface.

The 2.2-/ma region contains diagnostic absorption bands

due to AI-O-H and Mg-O-H vibrational processes, which
can permit direct identification of the dominant clay min-

eral present (Hunt et al., 1973).

The next five spectra (Figure 6-11, a through e) are of

andesites. Unaltered fresh andesite (Figure 6-11a) is fairly

featureless spectrally. Weak iron absorption bands indicate

the presence of ferric iron. Weak propylitic alteration

(Figure 6-1 lb) produces no apparent spectral changes. The
hand specimens of this material showed weak chloritiza-

tion of biotite flakes, but no overall change in the matrix.

Strong propylitic alteration (Figure 6-1 lc) was character-

ized by intense development of chlorite and epidote. Spec-

trally, a strong absorption band at 2.35 tLm is attributed to
a combination of ferrous iron and Mg-O-H hydroxyl bands

(Hunt and Salisbury, 1970). The hematitic andesite spec-

trum (Figure 6-11d) is from a shear zone along the Butte
Fault. In the field, the rock is a bright orange-red color

due to the presence of pervasive hematite. The reflectance

spectrum shows major absorption bands near 0.85 t_m (fer-

ric iron) and at 2.2 ttm (kaolinite). A minor absorption band

at 0.65 _m and the strong falloff in reflectance toward the

ultraviolet are also due to ferric iron. The overall shape of
this curve, with maximum reflectance at 1.6/_m of 35 per-

cent, is characteristic of hydrothermally altered rocks

(Abrams et al., 1977). The propylitically altered andesite

conglomerate spectrum (Figure 6-lie) shows a minor
absorption band at 2.35 _m and falloff in reflectance toward

the ultraviolet. The low albedo suppresses the other iron

absorption bands; otherwise this curve would look similar

to the propylitized andesite curve (Figure 6-1 lc).

The spectrum of quartz monzonite porphyry (Figure

6-1 If) shows weak iron absorption bands at 0.65 and 0.9

_m and a weak absorption band at 2.2 _m due to kaolinite.

In hand specimens, this rock appeared weakly altered, with

visible alteration of feldspars to clays. The weakness of the

2.2-_m band suggests only minor presence of clay minerals.

A summary of the absorption features described above

is shown in Table 6-5. The spectral characteristics can be

attributed to the presence of iron and clay minerals. These

are basically the only constituents that commonly produce

absorption bands in the 0.45- to 2.45-pm region. Higher

spectral resolution would allow more precise definition of
the hydroxyl bands near 2.2 /zm. Moderate resolution is

sufficient to detect the shift toward the longer wavelength

of the 0.9-_m ferric band between goethite and hematite.
Overall albedo is the other characteristic feature of rocks

measured in this wavelength region.

3. Statistical analysis of PFRS data. The continuous 0.45-

to 2.45-/_m wavelength region spectra acquired by the PFRS

provide an opportunity to simulate the wavelength responses

of existing and theoretical scanners. By computing the

equivalent band responses of these instruments, it is possi-

ble to examine the separability of rock types as a function

of wavelength bands on a statistical basis. It should be noted
that many other factors are ignored in this analysis. Such

things as instrument response, spatial resolution, atmo-
spheric effects, variable field of view, etc., are not consid-

ered and probably play a significant part in determining

separability of materials when real instruments are used.

Wavelength bands, however, are probably the major vari-

ables, with other effects being of lesser importance. This
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Table6-5.PFRSspectralabsorptionfeatures Table6-6.Wavelengthbands(_m)ofinstruments
usedforstatisticalanalysisofPFRSdata

Rock Type
Wavelength,/_m _

0.5 0.65 0.9 2.2 2.35

Quaternary alluvium/limonitic soil M W W

Quaternary alluvium/basalt W W W W?
Quaternary alluvium/basalt, rhyolite M W W

Quaternary-Tertiary basalt M W W

Tertiary basalt M W W
Latite tufts M W W W

Andesite M W

Andesite, weak propylitic M W

Andesite, propylitic M W S
Andesite, hematitic S W M S

Andesite conglomerate, propylitic W M
Quartz rnonzonite M W W W

•'W weak, M moderate, S strong.

type of analysis has been used in the past to examine plu-

tonic rocks (Blom et al., 1980) and sedimentary rocks asso-

ciated with uranium mineralization (Conel et al., 1980). A

more general study (Wiersma and Landgrebe, 1980) pre-

sented a scheme for analytical design of multispectral sen-

sors using an overall performance measure, probability of

correct classification.

The technique used here is stepwise linear discriminant

function analysis, part of the BM D07M computer package

from UCLA (Dixon, 1970). The mathematics of discrimi-

nant analysis are fully discussed by Jennrich (1977).

Briefly, the program develops group classification

functions based upon training data (sets of PFRS mea-

surements) provided by the user for each group. The

classification functions result from linear operations per-

, formed on each variable (each spectral channel) and are

developed in a stepwise fashion by surveying the available

variables and adding the most useful to the analysis. The

utility of each variable for discrimination among the groups

is thus assessed. After development of the group classifica-

tion functions, the members of the training sets are classi-

fied, allowing one to determine to what degree sufficient

information exists in the data to discriminate among the

chosen groups. The output of the program includes matri-

ces that depict the classification accuracies, the order of

band selection, and the group classification functions for

classifying unknown members.

Equivalent reflectances for bandpasses of five instru-
ments were calculated from the PFRS data for the twelve

different rock types measured. The five instruments were

Landsat 1, 2, and 3 MSS; the M2S l I-channel scanner;

the Landsat 4 TM; the NS-001 scanner; and a conceptual

Landsat MSS M2S Landsat 4 TM NS-001 30 Ah

0.5 0.6

0.6-0.7

0.7 0.8

0.8-1.1

0.33-0.44 0.45-0.52 0.45-0.52 0.425 0.475

0.44 0.48 0.52-0.60 0.52-0.60 0.475 0.525
0.49 0.54 0.63 0.69 0.63-0.69 0.525-0.575

0.54-0.58 0.76-0.90 0.76 0.90 *

0.58-0.62 1.130-1.30 •
0.62 0.66 1.55-1.75 1.55-1.75 °
0.66-0.70 2.08-2.35 2.08-2.35 2.425-2.475

0.70 0.74

0.76 0.86

O.97 1.065

instrument with 30 equally spaced wavelength bands 0.05

/_m wide in the 0.45- to 2.45-_m region (Table 6-6). The

results of the analysis are shown in Figure 6-12. The classi-

fication matrix has correct classifications along the princi-

pal diagonal; misclassifications are off-diagonal elements.

The overall correct classification percentage is shown under

each matrix; the order of band selection is shown to the

right of each matrix.

The lowest accuracy (46 percent) was achieved using the

Landsat MSS wavelength bands. The broad spectral cover-

age of each band (0.1 btm or more)and the limited spectral

region covered are responsible for their performance. Sub-

dividing the same wavelength region into additional, nar-

rower channels similar to those that exist on the M2S scanner

improved the accuracy to 63 percent.

Landsat 4 TM bands provided 55 percent accuracy. The

addition of the 1.15-_m band using the NS-001 scanner

improved the accuracy to 65 percent. The first two bands

selected in both tests were the 2.22- and 1.65-ttm bands.

These bands were selected for the Landsat 4 TM to pro-

vide improved discrimination of geologic materials, partic-

ularly altered rocks.

Finally, the 30-channel equal wavelength test achieved

almost perfect accuracy. This suggests that very narrow

spectral bands may be required to separate geologic

materials.

An inherent bias in this analysis is the sampling scheme

used. This analysis is applicable to the particular group of

rocks measured at the Safford test site. Similar analyses

done at the Silver Bell test site (Section 4) achieved much

higher accuracies with the Landsat 4 TM and NS-001

wavelength bands. The rock types measured were domi-

nated by hydrothermally altered materials, which have large

spectral reflectance contrasts in the 1.65- and 2.22-/tm region.
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(a) LANDSAT MSS

A B C D E F G H I J K L

A2 2 3 123 35

B 6 24

Cl151 7

D1 1 11 81 6

E2 1 1 1 2 1

F 6 13 2 1

G 6 2

H 1 1 1 1 4

I 1 7

J 8

K 1 6

L 1 1 I 1 1 2

46%

(c) LANDSAT 4 TM

A B C D E F G H I J K L

A6

B 7

C 7

D 37

E

F 6

G

Hll

I

J

K

Llll

A

B

C

D

E

F

G

H

I

2 2

J

K

L

1 3

3 1 2 2

4 3

8

6

1 7

1 7

1 6

2

(e) 30L1_.

55%

A B C D E F G H I J K L

15

8

7

13 1

7

13

1 1

8

8

95%

6

8

2.22

1.65

0.83

0.56

0.66

0.48

1 2.15

2.20

0.50

2.05

0.90

1.55

6

(b) M2S 11-CHANNE L

A B C D E F G H I J K L

A

B

C

D

E

F

G

H

I

J

K

L

7 1 1 2

6

6 1

4 6 1 1 2

1 6 1

4 2 5 2

1 7

1 1 1 1 3

1 7

8

6

1 1 1 3

63%

(d) NS-001

A B C D E F G H I J K L

A 7 2

B 7

C 7

D

E

F 1 1

G

H 1 1

I

J

K

L 1 1 1

8 1 2 3

5 1

3 3 2 3

8

1 5

1 7

8

6

65%

4 1.03

2 0.52

0.81

0.72

0.60

0.64

0.68

1 +OTHERS

5 2.22

1 1.65

1.15

0.48

0.83

0.66

0.56

1.20

1.65

+ OTHERS

A TERTIARY BASALT

B ALLUVIUM, BASALT

C ANDESITE

D ANDESITE, PROPYLITIC

E ALLUVIUM, BASALT/RHYOLITE

F ANDESITE, WEAK PROPYLITIC

G QUARTZ MONZONITE

H LATITE TUFF

I ANDESITE CONGLOMERATE

J ALLUVIUM, LIMONITIC

K ANDESITE, HEMATITIC

L QUATERNARY BASALT

Figure 6-12. Results of linear discriminant function analysis of PFRS data. Percent correct classification, order of band selection, and
classification matrix are shown for five simulated scanners.
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Nevertheless, the linear discriminant analysis technique

produces statistically optimal discriminant functions for the

groups analyzed. In a later paragraph, these functions will

be applied to the image data, and the visual separability of

rock types will be assessed.

B. Laboratory Spectra

1. Introduction. Field checking the digital images raised

a number of questions about the spectra of rocks and min-

erals and remote sensing spectrometry by the scanners. First,

it was obvious that the weathered rind of the phyllic rocks

was different than the freshly broken core. The flesh sur-

face is used by field geologists for identification and map-

ping, whereas remote sensing instruments record the spectral

reflectance of the weathered rind. Second, most published

reflectance spectra of rocks and minerals are from pow-

dered samples, wherein the rind would have been diluted

by the fresh rock. Also, it is known that decreasing the par-

ticle size by grinding affects the reflectance spectra. Third,

in some areas the different image configurations did not

correlate in their classification of phyllic versus propylitic

alteration. Samples collected at sites of typical altered areas

as defined by the digital images were subjected to mineral-

ogical and laboratory spectral analyses to answer some of

these problems.

2. Methods

a. Sample collection. During field checking of the images,

17 rock samples were collected from the surface (Figure

6-9). The sample sites represent spectral classes as shown

by patterns on the NS-001 and M2S images taken into the

field. The alteration and geologic maps released by Kenne-
cott were also consulted in selection of sample sites. Where
surface materials at the sites were mixed, each of the rock

types was included in the sample and these were analyzed

separately.

b. Anal);ses of the samples. Splits of the samples were

analyzed by three laboratory techniques:

(1) Reflectance spectra of both weathered surfaces and
of interior (broken, fresh) surfaces of solid samples

were obtained. Two spectra of each sample or sub-

sample were produced to compare weathered and

unweathered rock. The integrating sphere reflectom-

eter at the University of Arizona's Optical Science

Center was used to produce reflectance spectra that

scanned the 0.4- to 2.7-_m wavelength region.

(2) Reflectance spectra of whole rock powdered samples

spanning the 0.4- to 2.5-_tm wavelength region were
obtained with JPL's UV5240 Beckman Spectro-

photometer (also using an integrating sphere).

(3) X-ray diffraction analyses were performed of pow-

dered samples by JPL.

The three spectra of each sample were examined and

unusual features or recognizable chemical signatures were
noted.

c. Tabulation of data. Notations from examination of the

three spectra and results from the X-ray diffraction analy-
sis were tabulated for each sample and subsample. Eight

other parameters were added to the table:

(I) The image color codes from five scanner images: (a)

NS-001 band-ratio composite, (b) NS-001 principal

components (PC) composite, (c) M2S 4/6, 6/8, 8/9
band ratios, (d) M2S 4/6, 6/8, 9/10 band ratios, and

(e) M:S thermal infrared color composite image

(2) Classification of sample sites by the Kennecott alter-

ation map

(3) Classification of sample sites by the Kennecott geol-

ogy map

(4) Comments based on field examination or on the

macroscopic appearance of the sample

The resulting 12 by 20 matrix is presented as Table 6-7.

As an example, samples 2b, 2c, and 2d in Table 6-7 were

taken from a site classified by the Kennecott maps as

Mesozoic latite dikes with quartz-sericite alteration. The

site is adjacent to the Lone Star shear zone and near prop-

ylitically altered Mesozoic andesite. In the field, greenish

material the field geologists called chrysocolla was seen on

sample 2c. The X-ray diffraction results from sample 2c,

showing the presence of quartz and feldspar with musco-
vite and kaolinite, would agree with the mapped classifica-

tion of quartz-sericite (phyllic) and latite. The Beckman

spectra from the powdered sample 2c shows the expected

high reflectance and 2.2-#m notch at the infrared end of

the spectrum. However, the high reflectance at the visible
end of the spectrum is more typical of propylitic rocks but

could also be attributed to chrysocolla. The spectrum of

the solid weathered surface shows the same hybrid charac-

teristics. The X-ray diffraction (XRD) analysis of sample

2b shows the typical array of phyllic minerals but, in addi-
tion, shows the presence of chlorite, a propylitic mineral.

This hybrid alteration is confirmed by the subdued reflec-

tance spectrum of the fresh surface typical ofpropylitic rocks

and the clay signature in the spectrum of the weathered

surface. Sample 2d contains both epidote and major quartz.

The expected color codes on digital images for phyllic

zones and for propylitic zones and the observed color code
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for the 2b-2c-2d sample site on the images are listed in

Table 6-8. In this example the tabulated results show that

the samples from site 2 are of hybrid alteration, as indi-

cated by the mixed results from image codes and labora-

tory analyses.

d Image pseudo-spectra. The spectra of Figures 6-13

through 6-17 were constructed from the laboratory reflec-

tance spectra by plotting, at the band centers of the M2S

and NS-001 scanners, the spectral values of powdered

samples picked from the pen-line graphs drawn by JPL's

Beckman spectrophotometer. The spectra of fresh (bro-
ken) rock surfaces and weathered rock surfaces were taken

from numerical printout sheets generated by the Univer-

sity of Arizona's integrating sphere reflectometer.

Figures 6-13 and 6-14 were drawn to simulate the spec-
tra as might be seen by the five reflective M2S bands based

upon the laboratory spectral measurements. Figures 6-15

and 6-16 simulate the spectra as might be seen by the six

NS-001 bands used. Figures 6-13 and 6-15 represent phyl-

lic alteration, and Figures 6-14 and 6-16 represent propy-

litic alteration. Figure 6-17 shows both M2S and NS-001
spectra of one sample from an area of anomalous noncoin-

cidence between the digital images. Two image configura-

tions (both M2S) classified the source area of this sample as
propylitic and two other configurations (both NS-001) as

phyllically altered.

The three types of laboratory reflectance spectra repre-

sent freshly broken solid surface, weathered surface rind,

and powdered samples (minus 80 mesh). The laboratory

spectra that best represent the surfaces seen by remote

sensing instruments are the spectra of the weathered sur-

Table 6-8. Predicted and observed image colors for phyllic and

propylltlc alteration

Predicted Color Observed Color

Images Phyllic Propylitic Samples
Alteration Alteration 2c, 2b, 2d

N S-001 Red Blue
canonical

(Figure 6-51)

NS-001 Yellow Blue
3 ratios

(Figure 6-42)

M_S Red Cyan
8/9 ratio

(Ibigure 6-35)

M2S Black Light
9_ 10 ratio gray
(Figure 6-36)

Thermal Magenta Blue-
composite pink gray
(Figure 6-56) green

Yellow +
brown to red

Yellow

Brown

Black

Magenta
pink

ed
Z
<
I-

..I

t_

50

4O

3O

2O

10

5O

4O

30

2O

10

(a) PHYLLIC, D

Dp --

Ow _

V"f B

I I I I I
(b) ARGILLIC. F

WEATHERED

M2S BAND 4 6 8 9 10

1 I I I I
0.56 0.64 0.72 0.81 1.03

WAVELENGTH,/Jm

Figure 6-13. Image pseudo-spectra of solid, freshly broken rock

surfaces (DB, Fn) , solid weathered surfaces (Dw, Fw) , and powdered

rocks (Dr, Fp) 04 (a) phyllically altered mylon|te and (b) argillized

porphyry as might be seen by five bands of the M2S scanner

faces of solid rock samples. The mineralogies of these
weathered rinds are sometimes different from those of the

fresh interiors that would be used by field geologists to

classify rocks. Spectra of the fresh surfaces are useful to

correlate with the mineralogy as mapped by field geolo-

gists. Spectra of powdered samples present two difficulties

in their use: (I) the reduction in particle size by grinding

modifies the spectra, and (2) the weathered rind is diluted

6-34



(J
z
<
I..-
¢.)
ILl
..J

1,1.
I.U

n-

60

50

4O

30

2O

10

60

50

4O

30

20

10

(a) PROPYLITIC, A
-- m

Ap

-- _DER --
Im

A_,
v v v v v D

FRESH

I I I I I
(b) PROPYLITIC, B

- _Bp

_B B

WEATHERED
-- __. • = -_%

M2S BAND "_ 6 8 9 10
I I I I I

0.56 0.64 0.72 0.81 1.03

WAVELENGTHo#m

Figure 6-14. Image pseudo-spectra of solid, freshly broken rock

surfaces (As, Ba), solid weathered surfaces (Aw, Bw), and powdered
rocks {Ap, Bp) of propylit|cally altered andeslte as might be seen by
five bands of the M=S scanner

by mixing with the fresh rock core. Spectra of powdered

samples are useful for two reasons: (1) they provide a com-

parison to the mineralogic and chemical analyses by X-ray

and other methods that use powdered samples, and (2) they

can be compared with spectra in the literature.

Silicates and carbonates, such as those found in the

propylitic zones, are relatively transparent to visible light,

and the effect of decreasing particle size is to increase the

albedo, i.e., silicates produce a light streak. However, in

the case of ferric oxides, the reflectivity to visible light

decreases with decreasing particle size, i.e., ferric oxides

produce dark streaks. Iron oxides are transopaque, that is,

opaque in the visible and transparent in the infrared region.

This optical property produces a crossover between the

spectral curves for different particle size ranges. The cross-

over effect is notable in rocks from the phyllic zones. Pow-

dered phyllic rocks show decreased reflectance in the visible

spectrum and increased reflectance in the infrared, i.e., to

infrared sensors, iron oxide would appear as a white streak.

3. Results. The combined data set analyzed was com-

posed of (1) the three reflectance spectra (outer rock sur-

face, fresh broken inner rock surface, and powdered rock),

(2) the tabulated mineralogical, lithological, spectral, and

image data, and (3) the image-pseudo spectra. Some new

explanations were provided for (1) the lack of consistent

correspondence between alteration patterns as displayed

on some of the different types of scanner images, and (2)

the high reflectivity at 1.6/_m displayed by the weathered

rind of phyllic rocks. Figures 6-13 and 6-15 show the sets

of three types of spectra for two samples of phyllically

altered rock, D (Figure 6-13a) and F (Figure 6-13b). Sam-

ple D is representative of phyllic alteration containing major

quartz, alunite, and hematite. Sample F is from a highly

argillized outcrop. Important features include:

(1) A strong transopaque crossover effect is shown by

the powdered sample F o and the fresh sample F_,

probably caused by the iron oxide present.

(2) An unusual situation, possibly unique to heavily

argillized areas, exists: the weathered surface F_ is

darker than the fresh core F B.

(3) The three spectra from sample D show a progression

typical of most phyllic samples: a monotonic increase

in albedo from the fresh surface D B to the weathered

surface D w and finally to the brightest powdered Dp.

This progression implies that at least part of the dif-

ference between fresh and weathered surfaces of

phyllic rocks is due to the particle-size decrease asso-

ciated with argillization or to the mechanical disinte-

gration associated with supergene processes.

Figures 6-14 and 6-16 show simulated M2S and NS-001

spectra of two typical samples of propylitically altered

Mesozoic andesite. The spectra of the solid rock surfaces

show no consistent change in aibedo between weathered

and unweathered surfaces. These propylitic rocks seem to

be more resistant to weathering than the phyllic rocks.
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Figure 6-15. Image pseudo-spectra of solid, freshly broken rock surfaces (Fs, De), solid weath-

ered surfaces (Fw, Dw), and powdered rocks (Fp, Dp) of (a) argllllzed porphyry and (b) phyllically
altered mylonite as might be seen by six bands of the NS-001 scanner
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Figure 6-16. Image pseudo-spectra of solid, freshly broken rock surfaces (As, Be), solid weath-

ered surfaces (Aw, Bw), and powdered rocks (Ap, Bp) of propylltlcally altered andesite as might

be seen by six bands of the NS-001 scanner

Note the extreme increase in albedo and the altered curve

shapes shown by the powdered samples. The analogous

albedo increases in the visible range caused by grinding

the samples can be observed in the white streak that is
obtained from silicate and carbonate minerals typical of

the propylitic zones. The lack of transopaque crossover
indicates the lack of ferric oxide and clay minerals.

Figure 6-17 shows the NS-001 and M2S simulated spec-

tra of sample 2c from one of the anomalous sites where

classifications of alteration types by different image types

did not agree. Sample 2c is from an area previously mapped

by Kennecott as a dike of latite altered to quartz-sericite,

but closely surrounded by chloritized andesite. The sample

contained the typical phyllic assemblage of quartz, musco-

vite, kaolinite, ferric oxide (or pitch limonite) after sulfides,

and a thin coating of chrysocolla. The infrared region of

all of the 2c spectra are typical of the phyllic rocks. The

strong transopaque crossover (high reflectance in the infrared

compared to visible wavelengths) is indicative of the ferric

oxides, and the steep slope between 1.6 and 2.2 _tm con-

firms the presence of the kaolinite. However, the visible

end of the spectra more closely resembles that of propylitic

rocks. The increase in the 0.56-#m reflectance is indicative

of the presence of the chrysocolla.

The results of the three types of spectral analysis, X-ray

diffraction mineralogy, coding by five digital images, and

previous field mapping are listed in Table 6-7. The data

summarized here confirm that the phyllic-propylitic sepa-

ration by the digital scanner images is for the most part

correct. In a few areas the classifications of the images fail

to correlate between these images. The example of sample

2c was discussed above (lack of correlation due to presence

of chrysocolla). In another case, sample H contained min-

erals indicative of both phyllic and propylitic alteration.
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tra below 0.8 Fm indicate propylltlc alteration. Also note scale change after 0.9 Fro.
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In the areas of noncorrelation between the M-'S 4/6, 6/8,

8/9 and the M-'S 4/6, 6/8, 9/10 images, these non-

correlations were previously assumed to be due to differ-

ences in species o[" ferric oxide in the leached capping.

Laboratory studies could not confirm that assumption.

Instead, the major difference was found to be on the short-

wave (4/6) end of the spectrum, where the green minerals

chlorite, epidote, and chrysocolla tended to increase the

4/6 ratio. These green propylitic minerals were found in

samples that also had phyllic characteristics including low

9/10 ratios indicative of ferric oxide also found in the sam-

ples (3, !, 2d, 2c, tt). In other areas, such as at the site of

sample I, the ground was covered with float containing both

alteration types.

The area of sample C was classified as phyllic by all lbur

scanner configurations. However, sample C was found to

have a phyllic weathered rind over a propylitic core.

Table 6-8 was used to derive a significanl modification

to the remote sensing model. The table reveals that the

combination of the five image types makes possible not

only the 100 percent correct discrimination between the

major alteration types (propylitic and phyllic), but also

between mineralogical subdivisions within these two types.

Degrees of argillization or silicifieation and some lithologic

differences are discriminated within the color-coded images.
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IV. Image Analysis and Interpretation

A. Introduction

Efforts in the analysis and interpretation of the remote

sensing data were not equally distributed, but were con-

centrated on those data sets that offered the highest poten-

tial value to exploration in environments similar to the

Safford District. The types of information sought from the

data were general lithologic separations and mapping

capabilities, separation of different types of alteration, and

mapping of regional and local structural features. In all

interpretations, analysis was guided by the remote sensing

model developed earlier, which focused the interpreters'

attention to seek certain expected features associated with

Safford District type porphyry copper deposits.

More than 20 remote sensing image types were analyzed

to produce more than a dozen interpretive maps from a

selection of these images. These included aerial and space

photography, airborne and Seasat radar, and aerial and
space multispectral images. The multispectral images were

produced from three different scanners by several different

digital processing algorithms. The multispectral data

included day-night thermal infrared image sets for ther-

mal inertia studies. A summary of the color images and
band assignments appears in Table 6-9.

Analysis of the multispectral color composites was done

in three steps:

(I) The images were taken into the field. Those areas in

which the images indicated phyllic alteration were

examined. Representative rock samples were col-

lected for laboratory analysis.

(2) The laboratory studies, described in Paragraph III.B,

included X-ray diffraction and reflection spectros-

copy. The X-ray and reflection data were used to

relate mineralogy to spectral patterns seen in the

images.

(3) In the study of the correspondence or lack of corre-

spondence between the different images of the same

area, the laboratory and field observations were syn-
thesized to develop a modified remote sensing model.

B. Mapping of Alteration

One of the primary objectives of the test site study was

to see if it was possible to map the alteration patterns pres-

ent. In addition to mapping the gross alteration pattern,

the use of the multispectral scanner images to discriminate

and map the various types of alteration was to be tested.

The alteration associated with each of the deposits has

Table 6-9. ColorassignmentsIor remotesensing scanner images

Color Assignment
Image

Blue Green Red

Landsat color MSS 4 MSS 5 MSS 7
additive composite
(Figure 6-28)
Landsat cxflor MSS 4 MSS 5 MSS 7
additive composite
(Figure 6-29)
I.andsat color 4/5 5/6 6/7
ratio composite
(Figure 6-30)
Landsat principal V 1 V2 V3
components composite
(Figure 6-32)

M2Scolor ratio 4/'6 6/8 8/9
composite
(Figure 6-35)
MZScolor ratio 4/6 6/8 9//10
composite
(Figure 6-36)
M2Scolor ratio 5//2 6/8 8/'10
composite
(Figure 6-40)

NS-001 color 3,,"2 4/5 6,/7
ratio comlx_site
(Figure 6-42)

NS-OOIcolor 3/2 4/6 6/7
ratio comlx)site
(Figure 6-43)

NS-001 color 3/2 4/'5 6/7
ratio composile
(Figure 6-45)

NS-001 density slice of
6/7 ratio
(_igure 6-48)
NS-001 canonical VI V3 V2
transform
(Figure 6-51)
NS-001 canonical V [ V3 V2
transform
[Figure 6-54)
M'_Sthermal Night Day Alhedo
composite thcrmal therm al
(Figure 6-56)

already been briefly discussed. However, it is appropriate

here to provide a general discussion of the types of altera-

tion and their overall distribution with respect to the known

porphyry systems within the district. In addition, general

notes are provided on the types of problems that should be

anticipated, Any program to map alteration from spectral

signatures must make allowances for a number of factors.
This discussion will provide a background against which

the results and problems encountered during this test case
can be measured.

Hypogene alteration, associated with the porphyry cop-

per systems of the Safford District, is similar to that found

at other porphyry copper deposits. There is a pattern
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of superimposed zones with a potassic core surrounded

by phyllic, argiilic (?), and propylitic zones. There are,

however, some significant variations in the alteration

assemblages which appear to be related to the chemical

composition of the andesite host rock.

The overall extent of hydrothermal alteration in the Saf-
ford District is difficult to determine in the field. This results

from two main factors: minerals characteristic of the prop-

ylitic zone also occur as deuteric products in the older
andesites, and widespread postmineral cover is present. Both

of these factors will also influence the ability to discrimi-

nate the extent of alteration on the remote sensing images.

The distribution and character of hydrothermal alteration
in the San Juan and Kennecott areas have been well docu-

mented by Blake (1971) and Robinson and Cook (1966).

Details regarding the type and distribution of alteration

for the Dos Pobres deposit have been documented by

Langton and Williams (1982). The general types and dis-
tribution of alteration at this deposit are similar to those in

the San Juan and Kennecott deposits. However, biotitiza-

tion at the Dos Pobres deposit exceeds the intensity of that

reported for the Kennecott deposit.

The altered and pyritized zone at the Kennecott deposit

is known to cover an area 4000 by 2000 m. Half of this

altered zone is covered by postmineral volcanic rocks

(Robinson and Cook, 1966).

In the San Juan area, the pyritic halo measures 2200 by

2800 m and exceeds the quartz-sericite zone (Blake, 1971).

The outer edge of the propylitic zone is not well defined
but, as shown on the mapping by Blake (1971), extends at

least 300 m beyond the pyritic zone.

The alteration assemblages that exist at the Dos Pobres,

Kennecott, and San Juan deposits include: K-feldspar-

quartz-biotite-(anhydrite?)-sericite, quartz-sericite, bio-

titization, albitization, argillization (kaolinite-montmoril-
lonite-alunite), chloritization, and propylitization (epidote-

chlorite-calcite). All of these zones are gradational and

have overlapping boundaries. In addition, overprinting of
alteration zones occurs where there has been retrograde

alteration.

1. Potassic zone. The potassic zone is identified by the

introduction or redistribution of potassium feldspar and

biotite. This alteration zone is roughly conformable to the

central portion of the sulfide system. The distribution of

hydrothermal K-feldspar in the Safford District is con-
formable with the center of the sulfide system. Hydro-

thermal biotite extends beyond the K-feldspar zone within

the porphyry systems in the Safford District.

There is a problem in relation to the significance of much
of the biotite in the Cretaceous-Early Tertiary hornblende

andesite. Although this biotite indicates a net increase in

potassium, in the andesite this biotitization appears to rep-
resent the zone usually occupied by phytlic, argillic, or in

some instances propylitic alteration in less mafic host rocks.

The presence of minor amounts of chlorite in this zone of

biotitization may mask its true signature on muitispectral

scanner images.

2. K-feldspar-quartz-biotite assemblage. Typical potas-
sic alteration occurs at all of the ore bodies within the dis-

trict. This is characterized at San Juan by stockwork or

veinlets containing K-feldspar and quartz, and in the

groundmass of the quartz monzonite porphyry stock by
abundant secondary K-feldspar. The potassic feldspar is

recrystallized near veinlets and replaces plagioclase (Blake,

1971).

Shreddy or wispy grains of biotite replace rims of pri-

mary biotite in the intrusive. Small shreds of secondary

biotite also occur in the groundmass of the intrusive asso-

ciated with sulfides, quartz, and K-feldspar. Some of the

hydrothermal biotite, replacing hornblende in the andesites

immediately adjacent to the San Juan stock, may not cor-

relate with the classic "potassic" zone.

A portion of the potassic alteration zone defined by Blake
(1971) appears to include biotite formed in the andesite

that would correlate with phyllic alteration in less marie

terrains. This portion of the 1.5-km-long potassic zone

(Blake, 1971) corresponds to the pyritic halo which is usu-

ally associated with phyllic alteration. There is a general
absence of secondary potassium feldspar in this portion of

Blake's (1971) potassic alteration zone.

In the Lone Star stock area of the Kennecott deposit and

within the Dos Pobres deposit, potassium feldspar occurs

in and along veins in the various intrusive rocks. Abundant

K-feldspar also occurs in veins which contain quartz and

sericite that cut portions of the andesite near the volcanic
vent and associated dikes (Robinson and Cook, 1966). Small

amounts of secondary biotite are associated with quartz veins
that cut the intrusives (Robinson and Cook, 1966).

Small amounts of rutile and apatite are noted by Blake

(1971) as accessory minerals in the K-feldspar-biotite
alteration zone at the San Juan Mine. Rutile occurs as

needles within the wispy, secondary biotite formed at the

expense of the primary biotite. Apatite is associated with
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quartz-K-feldspar-biotite veins and veinlets. The pres-

ence of apatite in this zone is interesting and possibly

important with regard to geobotanical indicators of similar

zones, particularly since Lowell and Guilbert (1970) noted

small amounts of apatite in veinlets and as disseminated

grains in the potassic zone in other deposits. The occur-
rence of higher quantities of potassium and phosphate, if

liberated into the soil, should tend to promote more vigor-

ous plant growth which could be detectable in aerial pho-
tographs. However, no botanical indicators were noted

during the present study of the Safford test site.

3. Biotitization. The biotitization referred to in this dis-

cussion is limited to the development of abundant biotite

replacing hornblende and augite in the andesites of the

Safford District. As previously stated, much of this biotiti-

zation appears to correlate with the phyllic or argillic alter-

ation zones of other porphyry copper deposits. The amount

of potassium added to that contained in the host andesite

as hornblende is comparable to that added during sericiti-
zation of less mafic rocks.

Biotitization at the Dos Pobres and Kennecott deposits

is strongest adjacent to the dikes and plugs. Robinson and

Cook (1966) report a content of up to 20 percent secondary
biotite in the andesites near the ore zone at the Kennecott

deposit. Langton and Williams (1982) report even higher
biotite contents for similar settings in the Dos Pobres ore

body. This hydrothermal biotite occurs as clots, flakes, and

shreddy aggregates replacing hornblende and augite, and
as veinlets.

The secondary biotite zone as shown by Robinson and

Cook (1966) at the Kennecott ore bodies extends at least
1600 m in an E-W direction. This zone is open to the north
and measures at least 900 m in a N-S direction. Within the

center of the Kennecott ore body, the main alteration suite

is quartz-sericite overlapping a lesser amount of quartz-

K-feldspar. This phyllic alteration suite in the intrusive rocks
at the center of the ore body is another indication of the

probable correlation of the biotitization in the andesites

with the phyllic zone.

At the San Juan Mine, a similar zone of biotitization in

the andesites is reported by Blake (1971). Near the San

Juan stock, hornblende in the andesites is completely

replaced by biotite. The overall zone containing secondary
biotite measures roughly 1.5 km in diameter and is cen-
tered on the San Juan stock.

Blake's (1971) mapping of alteration shows a zone of

moderate biotitization measuring 300 by 600 m bordering
the San Juan stock to the south. Two much smaller zones

of moderate biotitization occur just to the northeast and

northwest of the stock. These zones contain biotite replac-

ing from 25 to 50 percent of the hornblende and augite (?)

present in the andesite. In the remainder of the biotitized

zone, as shown by Blake (1971), less than 25 percent of the

hornblende and augite (?) have been replaced by biotite.

Biotitization decreases away from the stock. A similar pat-

tern of potassic alteration and biotitization is reported at

the Dos Pobres ore body.

4. Phyllic zone. In the Safford District, quartz-sericite

(phyllic) alteration is mainly confined to intrusives, stocks
and dikes, and mineralized fractures within the ore bodies

and surrounding pyritic halos. Chloritic alteration is closely

associated with the phyllic zone in this district. However,

chlorite, and to some degree epidote, is nearly ubiquitous
in the district.

A phyllic alteration zone is centered on the Kennecott

ore body (Robinson and Cook, 1966). The phyUic zone at

this deposit conforms to the distribution of the post-older
andesite intrusive dike complex and to the more acid vol-
canic tufts and associated volcanic vent. Sericite extends

beyond the main phyllic zone, with traces present in all of
the dike rocks. Sericite is also present along structures in

the chloritic and propylitic alteration zones. Sericite occurs

up to 3000 m southwest of the Kennecott ore body in dikes
and along fractures (Robinson and Cook, 1966). This

widespread, albeit sparse, sericitic alteration may partially

represent leakagc from a deeper portion of the Kennecott

ore body.

The main zone of phyllic alteration associated with the
Kennecott ore bodies is 2200 by 1600 m wide (Robinson

and Cook, 1966). The quartz-sericite alteration is primar-

ily confined to the intrusive rocks. Sericitization is devel-

oped in the andesite as narrow zones along fractures and

grades into biotitization. Sericite replaces secondary biotite

along veins and fractures that cut the biotitized zone. Rocks

of this zone are characterized by bleaching that ranges from

light gray to white in color (Robinson and Cook, 1966).

These zones are poorly exposed and are not readily appar-

ent on the color or panchromatic aerial photographs of the

area. Linear fight-toned patches in the Dos Pobres ore zone
are visible on the color aerial photographs and represent

sericitic alteration along fractures.

The phyllic zone at the San Juan Mine is mainly con-
fined to the stock and to mineralized structures. This zone,

which measures 2600 by 1600 m, consists of silica flooding
in the intrusive and sericite development along both sul-

fide-bearing fractures and as partial replacement of plagio-

clase. The phyllic zone at San Juan is erratic and overlaps
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the potassic, argillic, and propylitic zones. Its distribution
is primarily related to mineralized fractures.

5. Albitization. Robinson and Cook (1966) determined

that prior to the development of sericite, the andesine pla-

gioclase in the andesite was altered to oligoclase or albite.
Similar sodic metasomatism also occurs in the intrusives.

This is another example of sodium replacement of calcium

in plagioclase (albitization) associated with potassic to phyllic

alteration zones in the porphyry environment such as

reported by Anderson et al. (1955) at Bagdad, Arizona.

6. Chloritic zone. A zone of more intense chlorite devel-

opment is closely associated with the sericitic and biotitic

zones in the Safford District. It appears that these higher

chlorite areas correspond to portions of the phyllic and

argillic zones. According to Robinson and Cook (1966,

p. 260), "Chlorite is the most widely distributed alteration

mineral and occurs in all stages of alteration."

In the chloritic zone, chlorite is the most abundant alter-

ation mineral present. Chlorite is present in much smaller

amounts in the propylitic zone.

A 300- to 600-m-wide chlorite alteration zone occurs near

the Kennecott ore body (Robinson and Cook, 1966). This

chlorite zone overlaps the biotite and sericite zones to the

southwest of the Kennecott ore body.

Blake (1971) does not specifically define a chloritic zone
at the San Juan Mine. However, Robinson and Cook (1966)

do recognize a stronger zone of chlorite development

peripheral to the biotite zone in this area.

7. Argillic zone. Argillic alteration is not pervasively

developed at the San Juan or Kennecott ore bodies. Argil-

lic alteration of probable supergene origin occurs in the

monzonite stock at the Sanchez porphyry deposit.

Kaolinite and illite are associated with fractures in the

San Juan stock (Blake, 1971). Kaolinite accompanies seri-

cite along fractures in the andesites near the ore bodies
(Blake, 1971; Robinson and Cook, 1966). Montmorillonite

develops in the andesites at the outer edges of the argilli-

cally altered zones. Alunite is associated with the argillic
alteration in the Kennecott deposit, which suggests a possi-

ble supergene origin for the argillic alteration (Robinson
and Cook, 1966).

The argillic zone is erratic and overlaps the phyllic and
part of the propylitic zones. A portion of the chloritic zone

may equate with the environment that usually develops
hypogene argillic alteration.

Supergene argillic alteration occurs with the leached

capping in the intrusive rocks at the Kennecott deposit

(Robinson and Cook, 1966). Supergene alteration may

reasonably be expected to occur in similar environments at

the Lone Star and Dos Pobres deposits.

8. Propylitic zone. Propylitic alteration is widespread in

the Safford District. A portion of the pervasive zone of epi-
dote, chlorite, and calcite development within the older

andesites may be of deuteric origin.

The propylitic alteration of the Cretaceous (?) older
andesites is characterized by the development of epidote,

chlorite, and calcite (Robinson and Cook, 1966). Epidote,

replacing hornblende and plagioclase, is the main diagnos-
tic mineral. Much of this epidote may be deuteric or auto-

metamorphic in origin. Chlorite is generally confined to

the groundmass of the andesite. Small grains of secondary

quartz are associated with sites of former plagioclase

phenocrysts. Incipient, minor sericite may be developed
along cleavage in hornblende and plagioclase phenocrysts

(Blake, 1971).

9. Pyritic halo. The pyritic halo which usually corre-

sponds to the phyllic alteration zone in porphyry copper

deposits is associated with biotitic and chloritic alteration

zones in the Safford District. Pyrite is closely associated

with the replacement of hornblende and primary biotite by

chlorite or secondary biotite. Pyritization in the propylitic

zone is generally confined to fractures and dikes (Blake,

1971). The pyritic halo about the San Juan stock measures

3000 by 2300 m (Blake, 1971). This zone contains 3 to 5

percent pyrite by volume. At the Kennecott ore body, the

pyrite halo contains from 4 to 8 percent pyrite by volume.

This pyritic halo is over 3100 m long and up to 3000 m
wide.

C. Remote Sensing Data

I. Color pholography. Naturai color photography of the

Saflbrd test site area was interpreted with respect to the

geologic features indicative of the porphyry copper sys-

tems. These images include very high quality color photo-

graphs from the Skylab S I90B experiment and high quality

aerial photographs takcn by NASA as part of the test site

overflights. In addition, previous workers in the area have

reported the use of low-altitude color aerial photographs
to document features of" the porphyry copper systems

(Readdy, 1978).

The exposures of leached cappings in the tcst site area

are large enough for detection and mapping using 1:24,000
aerial photographs. However, on the Skylab photographs,
the color anomalies associated with the oxidation and
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leaching of the exposed sulfide mineral assemblage are very
indistinct. The shift in color toward red related to hematit-

ic limonite in small areas at the Dos Pobres deposit is dis-

cernible under high magnification on the 1:500,000 image.

The brownish cast related to goethite coatings developed

from breakdown of sulfides is not readily observable. This

is probably overwhelmed by the goethite on normal
weathering surfaces in the andesite. The largest of the breccia

pipes in the San Juan Mine area can be detected as a small
anomalous dark-brown equidimensional feature on the

Skylab photographs. This feature would not be sufficient

to target this as an area of exploration interest.

The changes in coloration that are discernible on the
conventional (1:24,000) color aerial photographs (Figure

6-18) do provide useful exploration guides to the porphyry

systems in this test site (Figure 6-19). The reddish colors
related to hematitic limonite at the Dos Pobres deposit were

clearly evident (dotted outline on Figure 6-19). A drainage

map interpretation (Figure 6-20) was also produced from

the aerial photograph of the Dos Pobres area. A finer tex-

tured pattern was observed over the buried ore deposit.

This may be caused by a crackle zone in the intrusive or

by fracturing and shattering of the intrusive affecting the

surface drainage characteristics. These two observations (iron

oxides at the surface and drainage anomaly) would focus

exploration interest in the Dos Pobres area. Similarly the

mixed goethite-jarosite-hematite cappings associated with
the Kennecott and San Juan deposits were discernible on

other photographs. The capping at the Sanchez deposit is
only weakly observable on conventional color aerial

photographs.

The Skylab S 190B photographs are of excellent quality,
and a considerable amount of information can be inter-

preted from these images (Figure 6-21). Examples of

features that can be interpreted include approximate

bedrock--alluvial contacts, major lithologic boundaries, linear

features related to fracture systems, and circular features,
some of which are attributable to the intrusive centers, oth-

ers of which may represent calderas, etc. An interpretation

showing the major structural features of the Skylab pho-

tography is presented as Figure 6-22.

The dikes associated with the Dos Pobres and Kennecott

ore bodies are not discernible as dikes on the Skylab pho-

tographs. Although structural directions are clearly defined

on these color photographs, the dikes themselves are not
identifiable. Many of the dikes are also not identifiable on

the 1:24,000 conventional photographs. Initially, this is
surprising because many of the porphyritic dikes are clearly

large enough to be identified, and the color contrast between

the dike rock and the porphyritic andesite should be sub-

stantial. However, the surface rind of many of the dikes is
similar in color to that of the weathered surface of the

andesite. Some of the larger dikes with the greatest devel-

opment of sericite and argillic minerals, however, are read-

ily identifiable on the standard color aerial photographs.

The color photography, both aerial and Skylab, was
extremely useful in support of the interpretation of the

scanner images. The color photographs provide a comfort-
able reference base for identification of individual fea-

tures. The color photographs also do not suffer from the

geometrical distortions characteristic of the scanner data
and can therefore be used to identify the proper location
of features discriminated on the scanner data.

One of the advantages of the Skylab color photographs

is that stereo coverage is available. Stereo is a very useful

adjunct for image interpretation. The ability to provide

stereo coverage from remote sensing instruments on satel-
lites would be valuable for future resource studies.

2. Radar data

a. Introduction. Microwave remote sensing is a rela-

tively new field, initially developed during World War II.
There are two different areas of sensor utilization, active

and passive. The active systems have been employed to

generate radar images for a variety of geoscience studies.

Radar has several advantages and differences compared to

conventional camera systems. The major advantage is radar's

ability to penetrate clouds, smoke, and fog; in addition,

because the system is an active one providing its own illu-

mination, data can be obtained at virtually any time from

any direction. The major difference lies in those physical

parameters and characteristics which affect the radar back-
scatter and, hence, control the appearance of the image

terrain. The signal strength returned to the radar antenna

is a function of the transmitted power, wavelength, polari-

zation, and viewing geometry. Geometric and physical

properties of the surface also strongly influence the radar

return. Surface roughness is one factor that determines

whether an area will appear bright or dark on a radar image.

For root-mean-square surface roughness much less than

one-tenth of the radar's wavelength, the surface will appear

smooth and generally bright; for surface roughness

approximately one wavelength, the surface will appear rough
and dark because most of the transmitted energy will have
been scattered and little will be returned to the radar receiver

(MacDonald, 1980). The electrical properties of the sur-

face (complex dielectric constant) will also affect the radar

return. Significant increases in the dielectric constant usu-

ally result from changes in moisture content: an increase in
moisture content increases the reflectivity and therefore the

level of the signal return.
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Figure 6-18. Color aerial photograph ol area around the Dos Pobres deposit. Photograph was acquired August 1977 simultaneously with
M2S data overflight.
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Figure 6-19. Interpretation map of color aerial photograph (Figure 6-18) showing iron-oxide anomaly and curvilinear features associated

with the buried Dos Pobres deposit
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Two different synthetic aperture radar data sets were
examined for Safford: aircraft X-band data, in like- and

cross-polarized returns, and satellite L-band radar data

acquired by Seasat. The X-band data were at 3-cm wave-

length, and the L-band data were at 25 cm.

b. Seasat satellite L-band data. The Seasat orbital radar

satellite operated for 3 months in 1978, acquiring 100-kin

swath-width images over 100 million km 2of the land and

sea surface of the Earth. The system was an active L-band

radar, with a depression angle of 70 °. Because of this view-

ing geometry, extreme foreshortening resulted whenever a

foreslope as seen by the radar exceeded about 20 ° (Ford et

al., 1980). The scene covering the Safford area was digi-

tally processed at JPL and covers about 100 by 100 km.

The Safford test site is in the upper right part of Figure

6-23. The image suffers from the effects of layover distor-

tion of the mountain peaks. Because of this layover effect,

many of the faults and fracture systems do not show up as

linear elements but as alignments of topographic saddles

which, on the image, appear to be notches. In other cases,

fault zones show up as linear disruptions of smaller topo-
graphic ridges and as linear textural boundaries. The over-
all visual result from the radar shadow enhancement of the

topography and the bright radar return from the westerly

facing slopes is upsetting to the average viewer. However,

for those familiar with interpretation of radar imagery,
particularly from the early systems, many structural fea-

tures become immediately apparent. In general, however,
the structural detail available and the ease with which this

information can be interpreted favors the use of Skylab

photography, Landsat images, and airborne radar systems.

On the Seasat image studied as part of this test site eval-

uation, features that apply to porphyry copper exploration
in the district can be identified. These features are all

structural and/or physiographic in nature. Rough interpre-

tation of the small portion of the Seasat image that covers

the Safford test site (Figure 6-24) is shown in Figure 6-25.

Shown are the NE, NW, nearly N-S, and E W fracture

patterns.

Also shown arc circular features characterized by a change

in topography that contain the Dos Pobres and Kennecott
deposits. In addition, there are several circular features in

the younger volcanics which have previously been identi-
fied from interpretation of Landsat MSS and other images

by Readdy (1978). Circular features are frequently found
at and near porphyry copper systems. Certainly not all such

features are related to porphyry systems. However, fea-

tures such as intrusives, crackle zones, alteration patterns,

calderas, and breccia pipes frequently have at least some

degree of circular pattern development (Readdy, 1978).

c. Aircraft X-band data. A side-looking airborne radar

(SLAR) image using the NASA-operated X-band radar

system was also collected over the test site. This radar image

is shown in Figure 6-26. An interpretation of this image is

presented as Figure 6-27. The same general pattern of

fracturing detectable on the Skylab photography and Seasat

image is noted. More detailed structural information can

be interpreted from this image than from the Seasat scene.
This results from several factors, the first and most obvious

of which is the difference in scale of the images inter-

preted. Second, the airborne radar scene had more optimal

illumination with respect to incidence angle; the airborne

image (Figure 6-26) does not suffer from extreme topo-

graphic distortion (layover) of the ridges and peaks. A pre-

viously published interpretation of the area using the

Goodyear/Aero Service X-Band Synthetic Aperture Radar

(SAR) system (Readdy, 1978) developed a very similar

interpretation to that developed from this aircraft SLAR

system.

The steep incidence angle built into the Seasat system is

optimal for the study of relatively flat features such as sea

state and sea ice. However, this steep angle reduces the
usefulness of Seasat data for mountainous areas. In moun-

tainous areas the excessive layover, or geometric distortion

of the higher topographic features toward the imaging sys-

tem, detracts from the general use of the image for inter-

pretation in support of mineral exploration. In fact, without

the use of some geometrically accurate image such as Sky-

lab photography or a Landsat scene, even a very experi-

enced image interpreter may not be able to interpret the
Seasat image. One method of reducing the amount of this
disorientation is to view the Seasat scene from a direction

facing into the direction of radar illumination from the
satellite.

Changing to a lower incidence angle for future satellite

radar systems would reduce the layover problem, but this

would introduce larger areas of deep radar shadowing.

If future systems could be designed to have both variable

look-direction and variable incidence angle, this would

introduce the flexibility needed to partially offset both

problems. The proposed multiple look-direction would allow
the collection of coverage which accentuates different tec-

tonic directions and would also fill in data obscured by' radar

shadow on images collected on different passes.

The present Seasat data are useful but are not as inter-

pretable for this test site as the other imaging systems. ]'his

is primarily a result of the more mountainous character of
the test site terrain.
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Figure 6-20. Drainage map of area around the Dos Pobres deposit showing fine-texlured pattern over lhe deposit. Inlerpretation was made

from color aerial photograph (Flgure 6-18).
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Figure6-21.ColorphotographfromSkylab4S190Bexperiment,acquiredFebruary1974.Whitedotsrepresenlthe four copper deposits in
the Safford District.
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Figure 6-22. Interpretation map of lineaments and curvilineer features mapped from Skylab $190B color photograph (Figure 6-21)
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Figure 6-23. Seasat L-band radar image of Safford area, acquired October 5, 1978. Outline of enlarged area (Figure 6-24) and X-band
aircraft radar image (Figure 6-26) is shown. Radar illumination is from the east.
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Figure 6-24. EnlargedSeasat L-band radar image of Safford District

3. Landsat MSS data. Digital tapes of three Landsat MSS

scenes (acquired December 10, 1973: October 11. 1976:

March 31, 1977) were processed by three different image

enhancement algorithms: contrast enhanced, false-color

infrared (CIR) composites: band ratioing: and principal

components analysis (PEA). For each date, the full Land-

sat scene was processed using the three algorithn>: in
addition, 50- by 50-kin subareas were extracted from the
data over the area of the Safl'ord test site. The nine result-

ing images were individually analyzed: the three most sat-

isfactory are discussed here.

a. False-color in/)'ared composite. The October Landsat

scene produced the best image of this type (Figure 6-28).

The data were processed using a color enhancement tech-

nique that rotates the data "<dues in three spectral bands

(4, 5, and 7) onto three new uncorrelated axes. Digital val-
ues in each axis are stretched and then retro-rotated to the

original coordinate system (Soha and Schwartz. 1978). The

effect of this process is to greatly exaggerate scene contrast,

but at the same time preserve the original hues present in
the scene.

Enhanced digital values for bands 4, 5, and 7 can subse-

quently be displayed as blue, green, and red, respectively,
to form a CIR composite. Lithologic differences within the

younger volcanic rocks that cap the district can be mapped

from enlargements of this image. Yellow tones mark the

high ferric-iron content of the weathered pyritic outcrop of
Mesozoic latitcs and tuff" associated with the Kennecott

deposit (Figure 6-29). The high red and near-infrared

rcflectances (bands 5 and 7) and low green reflectance (band
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Figure 6-25. Interpretation of linear and curvilinear features detectable on enlarged Seasat

image (Figure 6-24)

4) of iron oxide would explain the yellow color on the image.

As is usual with this type of product, green vegetation is

displayed in red color; dumps, pits, and some rocks and
soils are blue; water is black.

b. Color ratio composite. Band ratioing of Landsat MSS

data for geological applications was first reported by Rowan
et al. (1974). Ratioing is an effective method for distin-

guishing among rock types because the main spectral
differences in the visible and near-infrared spectral regions

are found in the slopes of the reflectivity curves. Absorp-
tion bands are broad and weak and are difficult to use for

discrimination of rock types on standard MSS images. In

addition, the ratioing process removes first-order bright-

ness effects due to topographic slope and enhances subtle

reflectance variations between materials. By examining

spectral reflectance data, Rowan and others determined that
a composite of MSS band-ratios 4/5, 5/6, and 6/7 would

provide an effective means for discrimination of hydro-

thermally altered areas and of regional rock and soil units.

This combination ++'as used to produce the color ratio

composite (CRC) image presented in Figure 6-30. Band-

ratios 4/5, 5/6, and 6/7 were assigned colors of blue, green,

and red, respectively, to produce a CRC image. The Octo-
ber 1976 Landsat scene was used because it had the high-
est sun elevation and, therefore, the fewest shadows of the

three scenes available. The image shown is a subscene cov-

ering an area 50 by 50 km centered near Safford.

The particular combination of band ratios and color

assignments used displays vegetation in blue and iron oxides

in red and orange. A typical spectrum of vegetation and
iron oxides is shown in Figure 6-31. The Landsat MSS

bandpasses are also indicated. Ratio values for 4/5, 5/6,

and 6/7 are shown in Table 6-10.
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Figure 6-26. Aircraft X-band radar image (cross-polarized horizontal-vertical) of Safford area. Illumination direction from the south.

Vegetation has a relatively high 4/5 value due to high

reflectance in the green part of the spectrum (band 4) and
low reflectance in the red (band 5) due to absorption of

energy by chlorophyll. The infrared response in bands 6

and 7 produces a ratio less than I. The 5/6 value is low

due to the chlorophyll band also. Iron oxide has a low 4/5

value due to the sharp falloff in reflectance toward the

ultraviolet, and a ratio greater than I in the 6/7 value due

to the Fe '_ absorption band near 0.9/tm. It will have a

strong red component (high 6/7 value), no blue compo-
nent (low 4/5), and a green component (high 5/6). These

areas will appear orange to red depending on the relative

amount of green.

The red-orange color on the image (dashed outline on

Figure 6-30) at the location of pervasive quartz--sericite

alteration within the pyrite halo over the Kennecott ore

body is due to the presence of iron oxides developed from

oxidation of pyrite and mafic minerals. Other red areas can

be seen on the image, primarily in the alluvial fans south
of the mountains. Iron oxides there result from the weath-

ering of surface materials and presence of debris from
altered outcrops upstream. In general, the CRC is inferior

to the CIR composite for several reasons: ( I ) remote detec-

tion of the large alteration halo at the Kennecott ore body
is about the same, (2) topographic information present in

the color infrared composite is lost on the ratio image, and

(3) the small amount of lithologic discrimination on the

color infrared image is not well shown on the ratio image.

c. Principal components analysis. Principal components
analysis has been used in statistical processing of data for a
considerable time and is well illustrated in many texts (Davis,

1973, tbr example). The method produces new variables
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Figure 6-27. Interpretation map produced from aircraft X-band radar image of Safford area (Figure 6-26). Heavy double line Is a road; solid

lines represent more prominent lineaments than dashed lines.

(components) which are linear combinations of the origi-

nal variables and are orthogonal to each othcr. The axes

for the new variables are computed to maximize the vari-
ance in the transformed data set along the first axis. The

second variable axis has the next highest level of variance
and is orthogonal to the first. Succeeding axes are deter-

mined in similar fashion. Geometrically, a PCA can be

viewed as a rotation and translation of the original coordi-

nate axes to new axes passing through the data.

PCA is a method for reducing the dimensionality of data

by removing intervariable correlation and compressing it

onto one or a few new axes, usually tess than the total orig-

inal data. In Landsat MSS data, about 95 percent of the

scene variability can be accounted for by the first principal

component (PC). This variable is usually an average of the

four bands, i.e., albedo (Podwysocki et al., 1977). The com-

ponents can be combined into a color display by assigning
blue, green, and red colors to any triplet of the available
variables.

The March data were used to produce the composite of

a 50- by 50-kin subarea centered near Safford. The first

three components were displayed as blue, green, and red,

respectively (Figure 6-32). Tonal contrasts on the image
help to delineate structural zones not visible on the ratio

image. Lithologic discrimination within the younger vol-

canics is shown as well as on the infrared composite. How-

ever, the boundary between the younger volcanics and the

Mesozoic volcanics is not well shown on this image. The

phyllic alteration halo over the Kennecott ore body is bet-

ter shown than on the other Landsat MSS images.
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Figure 6-28. Full-frame Landsat scene of Safford area. Bands 4, 5, and 7 are displayed as blue, green, and red, respectively (Landsaf scene

no. 11541-16265, acquired October 11, 1976). Morenci-Metcalf and Tyrone are two large open-pit copper mines.
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Figure 6-29. Enlargement of Landsat CIR composite (Figure 6-28) covering a 32- by 34-km area. Outline shows area of M2S images

(Figures 6-35 and 6-36). Dashed outline encloses iron-oxide-stained altered rocks associated with Kennecott deposit.
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Figure 6-30. CRC of Landsat data covering a 50- by 50-km area around Safford. Band-ratios 4/5, 5/6, and 6/7 are displayed as blue,

green, and red, respecUvely (Landsat scene no. 11541-16265, acquired October 11, t 976).
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d. Summary of evaluation of Landsat MSS images. The

combined use of the three images-principal components,

color ratio composite, and color infrared composite-pro-

duced the most geologic information (Figure 6-33). The

CIR image provided good geomorphic information, some
lithologic information, and some alteration patterns. The

PC image showed the sharpest delineation of the alteration
halo fringing the Kennecott ore body, some lithologic pat-
terns, and some structural information.

It is important to note that none of the images showed

the altered outcrops of the Dos Pobres deposit. This proba-

bly is due to the 80-m resolution of the MSS. The Dos

Pobres alteration zones are approximately one pixel in size,

whereas the zone of pervasive phyllic alteration at Kenne-

cott is closer to 100 pixels in size.

4. M2S 1 l-channel data

a. Introduction. The analysis of the M2S images is dis-

cussed next because the spectral range of the five bands

chosen for image generation falls within the spectral range

of the Landsat MSS bands described in the previous para-

graph. The M_'S bands and their center wavelengths are
listed in Table 6-11.

One of the main advantages of the M2S data over Land-

sat MSS data is the narrowness of the spectral bands. This

characteristic was used to separate altered rocks at Safford.

b. Iron-oxide discrimination. The different species of iron-

oxide minerals, specifically hematite (F%O3), goethite
(Feb • OH), and jarosite (KFe3(OH)_(SO4)2), do not have

the same spectral reflectance characteristics, nor are they
necessarily derived from the same sources. Hematite often

results from oxidation of pyrite and chalcopyrite at por-
phyry copper deposits and is a prominent constituent of

gossans. Goethite is more widely distributed, but can be an

alteration product. Jarosite is a ferric sulfate mineral which

is almost always associated with hydrothermal alteration

processes. The M2S possesses relatively narrow spectral

bands which might allow separation of these minerals.

Representative reflectance curves lbr hematite, goethite, and

jarosite (Hunt and Ashley, 1979) are shown in Figure 6-34,
ahmg with the M2S band intervals. The curves are dis-

placed vertically for clarity.

Table 6-10. Percent reflectance and ratio values for vegetation

and iron oxide in Landsat MSS bands

MSS Band, % Ratio
Material ......

4 5 6 7 4/5 5,,/6 6,,,'7

Vcgetation 12 10 33 41 1.2 0.3 (1.8

Iron oxide 18 27 30 28 0,7 0.9 1.t

40-

30-

I---

20 -

10

0
0.4

LANDSAT MSS BANDS

5 6 7

J I

._VEGETATI_

IRON OXl DE

/t-

1 I
0.6 0.8 1.0

WAVELENGTH, Fm

J

Figure 6-31, Typical spectral reflectance curves for vegetation and

iron oxide. The Landsat MSS band inlervals are also indicated.

The spectral absorption bands seen in all three curves
are due to electronic trarksitions involving ferric iron. There

are typically three broad features located near 0.45, 0.65,
and 0.9 _m and a strong band in the ultraviolet, which

produces the rapid falloff in reflectance to shorter wave-

lengths. Only jarosite shows the 0.45-_tm band; the 0.65-

_m band is apparent in all three minerals. But most signifi-

cant is the position of the 0.9-/_m band. In goethite and

jarosite, this band is centered at about 0.93 /_m: in hema-

tite, the band is displaced toward the shorter wavelength at

about 0.85 /tin. Although the M2S bands are not ideally

placed over these regions, the positions of bands 8, 9, and

10 should produce different reflectance values for the three

minerals. By determining the reflectance values in these

three bands, the equivalent 8/9 and 9/10 band-ratio values
were calculated. These are plotted in the inset graph in

Figure 6-34. The three minerals are clearly separable along

the two axes. This analysis was applied to the M2S image

data by construction of two ratio composites: one with band-

ratios 4/6, 6/8, 8/9; the other using 4/6, 6/8, and 9/10.

These two images were displayed using blue for 4/6, green

for 6/8, and red for 8/9 or 9/10 (Figures 6-35 and 6-36).

c. Image analysis. The appearance of the phyllic and

propylitic zones on the M'_S ratio images can be predicted

by referring to the spectral graphs of Figurcs 6-13 and

6-14. In Figure 6-13, note the spectral plots of the weathered

surfaces of the argillic sample F_ and the phyllic sample

D. These can be compared to the spectra of the weathered

surtaces of the propylitic samples A_ and B in Figure 6-14

to note the qualitative differences in the band ratios. The
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Figure 6-32. PC composite o! Landsat data covering a 50- by 50-kin area around Safford. Components 1, 2, and 3 are displayed as blue,

green, and red respectively (Landsat scene no. 20799-16532, acquired March 31, 1977).
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Figure 6-33. Structural and limonite interpretation based on three processed Landsat MSS scenes: principal components composite,

color ratio composite, and color infrared composite
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relative ratio values and the predicted colors on the ratio
images are shown in Table 6-12.

Phyllically altered rocks have low 4/6 and 6/8 ratio val-

ues due to the general falloff in reflectance toward shorter

wavelengths caused by the ultraviolet ferric-iron absorp-

tion band. The 8/9 ratio is high because of the contrast

between the shoulder (band 8) and the trough (band 9) of

the 0.9-#m ferric-iron absorption band. Similarly, the 9/10

ratio is low because of the contrast between the trough and

the other shoulder (band 10) of this band. The resulting

color on the ratio composite for phyllically altered mate-

rials should be red for the "8/9" image (low blue, low green,

high red) and black to brown for the "9/10" image (low

blue, green, red). A similar analysis of propylitically altered

materials indicates that they should be displayed as cyan

on the "8/9" image and white to gray on the "9/10" image.

When the two ratio images (Figures 6-35 and 6-36) are

compared to the Kennecott alteration map (Figure 6-7),

the red ("8/9" image) or black ("9/10" image) areas corre-

spond with the most intensely altered zones as predicted in

Table 6-12. The cyan and silver-gray areas correspond to

the propylitic zones on the Kennecott map (Figure 6-37).

These spectral contrasts are mostly due to the increased
ferric oxide in the phyllic zone. Iron causes a decreased

reflectance in bands 4 and 9, and an increased reflectance

in bands 8 and 10. Note the area of phyllic alteration south

of the word "Kennecott." On the "8/9" image, this area is
red, and the postmineral volcanic cover to the north is blue.

On the "9/10" image, the altered area is black, and the

postore volcanic cover is magenta-blue.

There are some areas of known phyllic alteration, how-

ever, where these image codes break down. Figure
6-37 shows the outline of the red-colored areas of the

"8/9" images. Note, for example, that at the location of

samples 2 and 3, only the "9/10" image identifies this zone.

The first hypothcsis attempted to explain these differ-

ences by the shift in wavelength of the absorption of dif-

Table 6-11. MSS and M2S bands

M SS Band Wavelength, p.m M2S Band Wavelength, _m

4 0.5-0.6 4 0.54 0.58

5 0.58 0.62

5 (1.6 0.7 6 0.62 0.66

6 0.7 0.8 8 0.70 0.74

9 0.76-0.86

7 0.8 1.1 10 0.97 1.065

M2S BANDS

<

0.4 0,5 0.6 ' 017 0.8 0.9 1.0 I,I

WAVELENGTH, p.m

Figure 6-34. Spectral reflectance curves for hematite, goethite, and

jarosite (from Hunt and Ashley, 1979). The curves are offset vertically

for clarity; also shown are the M2S band intervals Ior bands 4, 6, 8, 9,

and 10. The inset figure shows calculated M2S values Ior band-ratios

8/9 and 9/10 for hematite (H), goethite (G), and jarosite (J).

ferent ferric-oxide species. Hunt and Ashley (1979) show

an absorption feature for hematite at 0.85/xm, for goethite

at 0.94 _m, and for jarosite at 0.93 _Lm(Figure 6-34). Labo-

ratory analyses of the samples did not confirm this

hypothesis.

Examination of the spectra as compared to ocular and

XRD analysis of the samples rcvealed some features that

support a second hypothesis. Note the spectral trace of
sample 2c in Figure 6-17. The 9/10 portion of the curvc

(between 0.8 and 1.0/xm in that figure) is similar to that

part of the spectra of the phyllic sample D in Figure 6-13.

However, the shorter wavelength portion of the 2c trace

more closely resembles the propylitic samples A and B in

Figure 6-14. Note also that, in addition to this spectral

appearance, the band 4 (0.56 _m) reflectance incrcascd. This

"tail" may be due to the presence of chrysocolla and/or
chlorite, both of which were found in the sample. The areas

of samples 2 and 3 that wcre shown in a noncorrelativc

manner by the two M_S images are composed of rocks that
have the characteristics of both propylitic and phyllic alter-

ation. The XRD analysis of samples 2b, 2d, and 2c shown
in Table 6-7 lists kaolinite, muscovite (sericite), chlorite,

and epidote.
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d. Mapping of soils

Introduction. Examination of several ratio composites of

the M2S data suggested that significant separation of the
alluvial fan materials could be made. An area was selected

for examination northeast of the town of Safford (Figure

6-38). This area is also covered by the USDA soil survey of

the Safford area (U.S. Department of Agriculture, 1970); a

compilation of the soil map is shown in Figure 6-39. Thir-

teen units are depicted on the soil map; a summary of

their characteristics is presented in Table 6-13 (U.S.

Department of Agriculture, 1970). Most of the units are

gravelly sandy loams, developed on terraces and alluvial

fans built up on the south flank of the Gila Mountains by

streams draining into the Gila River. Their visual colors

range from brown to reddish-brown.

Analysis of ratio composite. A CRC was selected because
it seemed to show the clearest separation of soil units.

This composite (Figure 6-40) was produced by displaying

band-ratios 5/2, 6/8, and 8/10 as blue, green, and red,

respectively. The grid on the image is distorted (compare

to location map, Figure 6-38) because the data were not

geometrically rectified to correct for aircraft motions. With

this particular band combination, vegetated areas will be

black since they have very low ratio values; materials with

iron oxides will have a high blue component due to the

high reflectance at 0.60 _tm relative to 0.46 ttm (5/2 ratio).

An interpretation map (Figure 6-41) was produced by

outlining areas on the CRC that were separable by image

color and geomorphic appearance. These areas were then

assigned the soil designation appearing on the USDA map.

Therefore, adjacent units on the interpretation map can

have the same designation because they represent a single

soil unit by USDA criteria, but appear differcnt on the CRC

image.

In general, all the USDA soil units can be separated on

the CRC. The blue areas on the CRC correspond to CtB

and PvC, which are the red-brown soils (the spectrally dis-

tinctive iron oxides present are responsible for the red color).

The CtB unit can be separated on the CRC into two dis-

tinct units the blue unit on the tops of the terraces, and

an orange-green unit at the terrace breaks. The PuB unit

is a distinctive orange color; the soil map and description
of this unit do not show it as having a different visual color

from other units. Presumably, there is some marked spec-

tral difference in the infrared for this unit, although it was
not examined in the field.

While the ratio image allows separation of most of the

units depicted on the USDA soil map, additional separa-

tions based on spectral differences can be made. These new

units were not field checked, but presumably are subunits

of soil classes which the USDA does not distinguish. Some

of these differences are due to the different techniques used

to define a unit. The soil mappers consider physiography,

slope, surface composition, and depth profile when defining
a soil unit. The addition of information from the third

dimension implies that units appearing similar on the sur-
face could be classified into different units, and vice versa.

The image units are limited to the surface of materials and,

hence, lack any depth information. On the other hand,

spectral characteristics in the infrared are included, unlike

the visual color characteristics used by the USDA. Never-

theless, the analysis of the image certainly indicates that

remote sensing data can greatly contribute to soil mapping.

5. NS-001 data

a. Band-ratio images. The NS-001 scanner differs from

the M2S and Landsat MSS scanners most significantly in
bands 6 and 7. The NS-001 bands used and their wave-

lengths are listed in Table 6-14.

Two band-ratio images (Figures 6-42 and 6-43) were

analyzed in detail. The first image was produced using all

six bands listed in Table 6-14. Later, a band-ratio image

was produced using only those five bands that correspond
to the five bands on the Landsat 4 TM. The two band-ratio

configurations display 3/2 in green, 6/7 in red, and 4/5 or
4/6 in blue (band 5 on the NS-001 scanner does not exist

on the TM). The lack of overall image clarity and sharp-

ness (compared to Figure 6-51, for example) is due to

suppression of topographic highlighting, which is a result
of the ratioing process (Rowan et al., 1974).

By referring to the spectral graphs of Figures 6-15 and

6-16, the color coding of the phyllic and propylitic zones

can be predicted on the band-ratio images (Table 6-15).

Qualitatively, both configurations give the same results,

which can be confirmed by comparing the two images.

In both of the band-ratio images, high ferric-oxide areas

would be depicted as green due to iron absorption in band 2,

resulting in large values for the 3//2 ratio. Clay areas would be
shown as red due to clay (OH) absorption in band 7.

Phyllic areas would show both colors and appear yellow

on the images. Propylitic areas would have the opposite

behavior and appear blue on the images.

Figure 6-44 was traced from the first configuration (using

4/5 instead of 4/6) because (1) it was available early in the

project, and (2) it was nominally scale-matched to the
1:24,000 Kennecott maps. The figure also shows areas of"
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Table 6-12. Ratio values and MaS ratio colors for phyllic and propylitic alteration

Alteration

M2S Ratio Composite, Figure 6-35 M2S Ratio Composite, Figure 6-36

Color Value Image Ratio Color Value
Ratio Assignment Color Assignment

Image
Color

Phyllic

Propylitic

4/6 Blue Low

6/8 Green Low

8/9 Red High

4/6 Blue High

6/8 Green High

8/9 Red Low

Red

Cyan

4/6 Blue Low

6/8 Green Low

9/10 Red Low

4/6 Blue High

6/8 Green High

9/10 Red High

Black to brown

White to gray

quartz-sericite alteration traced from the Kennecott alter-

ation map. The yellow "phyllic" color encompasses most

of these mapped quartz-sericite areas. Most of the exces-

sive yellow color extends downslope from the most inten-

sively altered areas of the Kennecott deposit• Field checking

showed that quartz-sericite-altered latite float was thinly

spread over the propylitically altered andesite in these areas.

The NS-001 band-ratio image is more inclusive of known

phyllic alteration than are the M2S band-ratio images, but

the M2S images more sharply defined the smaller number

of more intensely altered zones than did the NS-001 images.

Another important difference is that, due to effects of deu-

teric alteration, the NS-001 images showed rather large areas

of the postore Tertiary dacite volcanic rocks north of the

deposits, coded with the same shade of yellow as the phyl-

lic Mesozoic latites.

A more detailed interpretation of the Dos Pobres area

was made possible by an enlarged print (Figure 6-45) of

the NS-001 ratio image of that area. Striping in the image,

trending NNE-SSW, is due to noise in the 6/7 ratio com-

ponent. Comparison with the geologic map (Figure 6-46)

and with the aerial photograph indicated that the geome-

try of the map was inaccurate. This was a result of the sur-

veying method used to produce the map. Despite the inexact

fit, it was possible to use a zoom transfer scope to compare

the map and the image.

Intensely colored yellow and orange areas on the image

correspond with the mapped quartz monzonite and latite

porphyries. Field checking showed that these "productive"

porphyries are indeed phyllically altered in contrast to the

propylitically altered andesites that they intrude. One of

these porphyry intrusions is coded red instead of yellow on

the image (Figure 6-45). This area is outlined around the

sample point F on the cartoon map of Figure 6-47. The

field check showed this intrusion to be heavily argillized,

thus explaining the preponderance of the high 6/7 band

ratio sensitive to clays. An erroneous interpretation of this

red spot could have been made. A yellow-coded area (clay

+ iron oxide) containing vegetation (magenta code) could

also have produced a red-coded anomaly (yellow +

magenta = red). This interpretation was ruled out by

referring to the aerial photographs, which showed denser

vegetation.

An image was constructed from the single ratio of the

1.6-_m (band 6) and 2.2-_tm (band 7) channels by assign-

5¢
DOS POBRES

SAN JUA_ _'

_EN_ECO_T

,I
le9 4_

0 1 2 3 4kin

Figure 6-38. Location of area Interpreted for soil units
using M2S data
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Table 8-13. Description of soil units

Unit Occurrence Composition Visual Color (Munsell Color)

AIB Alluvial fans Gravelly sandy loam Brown (10 YR 5/3)

AvB Washes below terraces Gravelly sandy loam Brown (10 YR 5/3)

BpB Lower terraces Gravelly sandy loam Light brown (7.5 YR 6/4)

CtB Terraces Gravelly sandy loam Red-brown (5 YR 4/4)

GuE Outcrop and talus Rocky clay loam Red-brown (5 YR 4/3)

Gv Fans and washes Gravelly alluvium

PnB Lower terraces Cobbly loam Brown (7.5 YR 5/4)

PrB Terraces Gravelly sandy loam Brown (7.5 YR 5/4)

PuB Terraces Gravelly sandy loam Brown (7.5 YR 5/4)

PvC Terraces Gravelly sandy loam Red-Brown (5 YR 4/3)

Ro Terrace breaks

ThC Flats of lower terraces Gravelly sandy loam Pink (7.5 YR 7//4)

ing colors to ranges of values of the 6/7 ratio (Figure 6-48).

The highest ratio values were coded black; decreasing val-

ues were coded brown, blue, green, orange, red, and finally

white. The high noise level in this image results from use

of only a single ratio to produce the picture, and the 2.2-

/tm channel on the NS-001 had a higher noise level than

other channels. This noise is accentuated by the ratioing

process. The resulting image shows that the black areas,

which have the highest 6/7 ratio value (maximum clay

content), conform closely to those areas coded yellow or

red on the three-ratio NS-001 image. On the three-ratio

image, vegetation is coded magenta (red and blue). The

single-ratio image confused clay (coded red on the three-

ratio image) with vegetation in only one case (the well-

watered willow thicket that extends downstream from the

reservoir at Dos Pobres, magenta area in Figure 6-45). The

oak trees on the plateau and the desert scrub below were

not mapped as clay on the 6/7 ratio map.

The single-ratio image was useful for two purposes:

(!) To distinguish between semiarid vegetation and clay

alteration

(2) To demonstrate the power of the two TM bands at

1.6 and 2.2 _m

Table 6-14. NS-001 bands

NS-O01 Band Center Wavelength /zm

2 0,56

3 0,66
4 0.83

5 1.15
6 1.65

7 2.22

A lineament map (Figure 6-49) was prepared from the

NS-001 band-ratio image to demonstrate that the brightly

colored digital scanner images show structural features better

than do the high-resolution aerial photographs. For exam-

ple, even though the mineralized or highly altered latite

dikes too small to be directly seen on the NS-001 image

were visible on the color aerial photographs, many faults,

the shear zones controlling these dikes, and the copper

mineralization and associated phyllic minerals were more

easily mapped from the scanner image. The fault and frac-

ture zones are delineated by tonal discontinuities on the

NS-001 and other scanner images, whereas some of these

same structures are tonally featureless on the color aerial

photographs. In other words, the digital images are more

sensitive to mineralogical discontinuities that mark struc-

tural zones.

A lineament map of the same area was constructed from

the digital Landsat MSS images and enlarged to the same

scale to produce a matching map (Figure 6-50). Note that

these two lineament maps, made from images of disparate

scale and spatial resolution, are highly complementary. Used

together as overlays, the traces of most of the known faults

Table 6-15. Ratio values and NS-001 colors for phyllic
and propyUUc alteration

Color Phyllic Propylitic
Ratio Assignment

4/5 or 4/6 Blue Low blue High blue

3/2 Green High green Low green

6/7 Red High red Low red

Image color Yellow Blue
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mapped by Dunn (1978) and Robinson and Cook (1966)

are displayed. In addition, possible extensions of these faults

are traced through the overlying valley alluvium and pla-
teau basalts. The 3-km-diameter circular feature on the

plateau composed of dacite (and possibly rhyolite) is more

evident on the color infrared Landsat MSS composite than

on the aircraft scanner image.

b. Canonical image. The NS-001 image (Figure 6-51) was

produced by canonical transformation. Canonical trans-

forms use rotated spectral axes to increase spectral separa-

tion of the units. This is a supervised procedure; parameters
for the transformation were based on the linear discrimi-

nant analysis of the PFRS data (Paragraph III). This pro-

gram produces linear combinations of the original variables

(wavelength bands) which were applied to the image data

to create new images.

The discriminant function analysis was done using

reflectance data from the PFRS training sets. The NS-001

raw data represent radiance values. To convert the scanner

data to reflectance, a calibration procedure was used based on
work done at the Silver Bell, Arizona, test site. At Silver Bell,

ground reflectance measurements were compared to scanner

digital number (DN) values for the same areas to create a
linear function which related DN value to reflectance. These

transfer functions were applied to the Safford data prior to

transforming them to the canonical variates. It was felt that
the Silver Bell calibrations could be used because the two data

sets were obtained with the same instrument only 1 hour apart,
with similar weather conditions.

Comparison of the canonical image with the field exam-

inations shows the following correlations:

1st vector (blue)

2nd vector (red)

3rd and 2nd vector

(red + green - yellow)

1st, 2nd, and 3rd
vector (white)

Propylitic Mesozoic andesites (and
some vegetation)
Most of the phyllic Mesozoic latite
dikes and quartz monzonite
porphyries

Altered younger dacites and the
most intensely altered, pyritic,
quartz-sericite, Mesozoic lithic tuff,
granodiorite, and [atite (and some
well-watered vegetation)

Unaltered younger dacite on the
plateau

It is interesting to compare the interpretation (Figure

6-52) made from the NS-001 canonical image with that made

from the NS-001 ratio image (Figure 6-44). One important

difference between these two NS-001 images is evident. The
area that is colored yellow (phyllic) in the ratio image is

subdivided into two categories in the canonical image. Most

of the phyllic areas are coded red, but the most intensely

altered areas are coded yellow. Field observations have

shown that these yellow-coded areas are most intensely

pyritized and silicified, and they contain more copper-oxide
mineralization (chrysocolla).

The canonical image has the disadvantage that chemical

or mineralogical cues cannot be inferred from the color
codes as they are from band-ratio images. The canonical

image has the advantage that a priori ground information

such as field spectra and previous mapping can be used to

achieve data compression and to enhance subtle spectral

differences bctween specific target rock types. The canoni-

cal image is best used in conjunction with the band-ratio

image.

The canonical image showed the desert vegetation as blue,

and well-watered vegetation as yellow. However, the rock

types that could be confused with vegetation on the canon-

ical image were different than on the three-ratio image.

Used together these two images eliminate the vegetation

problem. For example, the heavily argillized area F at Dos
Pobres was coded red on the canonical image and thus could

not have been confused with vegetation as it could have

been on the three-ratio image.

The area around the Kennecott deposit (Figure 6-53) was

examined in detail by enlarging a section of the NS-001

canonical transform image (Figure 6-54b) and comparing

it with the aerial photograph (Figure 6-54a) and the Ken-

necott alteration map (Figure 6-54c). Very little separation

of alteration types can be seen on the aerial photograph.

The NS-001 enlargement, however, displays the altered rocks
as three different colors: blue, red, and yellow. An inter-

pretation map of this image was produced (Figure 6-54d)
and color coded with the same colors as seen on the image.

Comparison with the alteration map shows a striking simi-

larity between the two. Propylitically altered rocks (blue
on the image) are accurately portrayed. The red areas on

the image correspond almost perfectly with areas mapped

as quartz-sericite alteration and chloritization with quartz-

sericite. Yellow areas are also quartz-sericite alteration. Field

checking of the area revealed that the yellow areas were

more intensely altered and mineralized than the red areas.

This example illustrates the accurate, detailed alteration

mapping that can be done using the NS-001 data; taking
into account a moderate decrease in spatial resolution,

Landsat 4 TM data will provide a powerful tool for geo-

logical resource exploration.

6. M2S thermal data. A predawn -near-noon pair of

thermal images were acquired with the M2S scanner on

August 17 18, 1977. The nighttime thermal image was
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geometrically registered to the daytime image for further

processing of the day-night pair. An average albedo image

was produced from the 10 channels of visible and near-

infrared data, which were obtained during the daytime pass.

Thermal infrared data can provide additional lithologic

discrimination information compared to reflectance data

because thermal infrared data represent differences in the

physical properties of materials, such as density, conduc-

tivity, and diffusivity, rather than surface properties. Vege-
tation cover and moisture content, however, can greatly
affect the thermal characteristics of an area and over-

whelm the thermal behavior of the rocks and soils present.

Meteorological conditions at the time of the overflights were

acceptable for obtaining these data; there had been no

precipitation for at least 96 hours prior to the flights, and
winds were low.

The following black-and-white images and color com-

posite of the M2S data were evaluated: (!) albedo image

(Figure 6-55a), (2) daytime thermal infrared (Figure 6-55b),

(3) nighttime thermal infrared (Figure 6-55c), (4) tempera-

ture difference created by subtracting the nighttime ther-
mal data from the daytime thermal data (Figure 6-55d),

and (5) a color composite produced by displaying the day-

time thermal as green, the nighttime thermal as blue, and

the albedo as red (Figure 6-56).

The separate black-and-white images were examined and

found not to be geologically useful in themselves, but were
valuable as accessory data to construct and verify a ther-

mal remote sensing model for the Safford area. A more

effective method for displaying the data is to combine them

into a single image by color compositing (Kahle et al., 198 l).

In this way, the interrelationship between daytime and

nighttime thermal patterns is visible as color differences on

a single image.

A remote sensing model was developed for Safford.

Highly silicified phyllic host rocks are expected to have

higher visible and near-infrared reflectance as well as higher

thermal conductivity and density than the surrounding rocks.

The higher conductivity and density would produce an

effective high thermal inertia. In other words, these sili-

ceous rocks would be relatively cool in the daytime (because
the heat from the sun's radiation would reflect and be con-

ducted downward) and warm at night (because the heat

would conduct upward). Using similar arguments, the

appearance of the various materials on the color composite

would have predictable colors on the image. A summary of

the behavior and color appearances predicted is shown in
Table 6-16.

Table 6-16. Thermal behavior and predicted Image colors

for various materials

Albedo Daytime Nighttime

Material (red) Infrared Infrared Image Color
(green) (blue)

Siliceous rocks High Low High Magenta-pink

Basalt Low High Low Green

Propylitic rocks Low to moderate Moderate Moderate Cyan-gray

Argillic rocks High High Low Yellow
or clay-rich soil

Vegetation Moderate to high Low Low Red

Evaluation of the color composite (Figure 6-56) verifies

this model. Also shown in Figure 6-56 are outlines of the

magenta-pink zones (siliceous rocks) seen in the color

composite. The areas include the most intensely altered,

silicified, pyritized Mesozoic latites and lithic tufts associ-
ated with the Kennecott deposit. Comparison with Robin-

son and Cook's (1966) maps indicates that these high-albedo,

high-thermal inertia areas not only coincide with the pyrite

halo., but also delineate an area mapped as "galena and

gold occurrences."

The thermal composite delineated this area more effec-

tively than the other data sets examined. Even on the NS-

001 images, the galena and gold (pyrite) area is only mar-

ginally separable. The thermal analysis demonstrates the

usefulness of these data and points to the potential benefits
of data from the TM thermal band.

V, Conclusions and Recommendations

A. Evaluation of Data

More than two dozen remote sensing images of the Saf-

ford District, acquired from seven different sensors, were

evaluated. Objectives were to determine their usefulness as

tools Ibr mapping in an environment of deeply buried cop-

per deposits. This was a double-blind evaluation because

the most important ground truth alteration and geologic

maps were released by Kennecott Corporation only after

the digital images were produced at JPL. The Kennecott

maps were compiled nearly 20 years ago.

1. Photographic data. Color photographs at vastly dif-

ferent scales were interpreted. The Skylab photographs were
at 1:500,000 and 1:750,000 scale, whereas the aerial photo-

graphs were at 1:48,000 and 1:24,000, a disparity of 10X to
more than 30X.

The reddish tones associated with the leached pyritic

zones over the ore bodies were discernible on the Skylab
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Figure 6-55. M2S thermal and albedo data: (a) albedo image computed from 10 channels of visible and near-infrared reflectance data;
(b) daytime thermal data; (c) nighttime thermal data; (d) thermal difference (daytime thermal minus nighttime thermal). Data acquired

August 17-18, 1977.
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Figure 6-56. Color composite of M2S thermal and albedo data. Day thermal, night thermal, and albedo data are displayed as green, blue,

and red, respectively. Outlined red areas are suspected siliceous rocks corresponding to silicified, pyritlzed rocks.
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photographs only with magnifying lenses. At the aerial

photographic scales, these limonitic areas were easily dis-

cernible although not as distinct as on the multispectral

digital images.

The photographic sets are superior to the other images

in two respects: higher spatial resolution and stereopsis.

These two attributes make the photographic sensors most

useful for geographic orientation and for fine geomorphic

details. Color aerial photographs that matched the scale of

the electronic digital images were indispensable for navi-

gation and positioning during field checks of the digital

images.

The spectral range of color film is not well suited for

lithologic discrimination in the Safford District. The latite

dikes were expected to be visible due to their high contrast

against the Mesozoic andesite that they intruded. How-
ever, the weathered rind of the latite had taken on the color

of the weathered rind of the andesites, and thus many of

the dikes were not visible in the color photographs. The

spectral studies show that, in the infrared wavelength regions

beyond the capabilities of film, the weathered rinds of these

two rocks are easily distinguished by their contrasting
reflectivities.

2. Radar data. The airborne SLAR and the Seasat SAR

images differ in several ways. The airborne SLAR images

are at relatively large scale. The microwave look-angle is
toward the north, two images of different polarization (like-

polarized horizontal-horizontal [HH] and cross-polarized

horizontal-vertical [HV]) were used, and the radar depres-

sion angle was shallow (closer to horizontal). The Seasat

SAR is at relatively small scale, the look-angle is toward

the west, one polarization was used, and the depression

angle was closer to vertical.

The most important difference is in the depression angle.

The steep depression angle of Seasat SAR causes severe

geometric distortion known as layover. The layover effect

is detrimental to geologic interpretation of the mountain-

ous area. in the flatter intermountain areas, the steep

depression angle fails to enhance small scarps and other
subtle features enhanced by shallow-angle SARs. The

shallow depression angle of the airborne SLAR produces

images wherein the geomorphic features, and thus struc-
tural features (and sometimes lithology and alteration), are

enhanced. The shallow depression angle causes the back-

side of mountains to be lost due to the shadowing effect.

Fhat shadowing effect can be corrected by the use of mul-

tiple look-directions.

When radar images are used for mapping geologic struc-

tures, multiple look-directions are advisable for all SAR

systems, regardless of depression angle. Topographic
lineaments of certain directions relative to the look-angle

are enhanced and other directional sets are subdued. Opti-

mum tectonic interpretation requires a directionally bal-
anced data set.

Scale is the least important factor in SAR systems because

spatial resolution of the systems is not directly dependent

upon the altitude of the sensor as it is with angular systems
such as scanners and cameras. Both the Seasat and the air-

borne radar imaging systems produce images with excellent

geomorphic information and good structural information,
but were only marginally useful for mapping lithology and

alteration. In a poorly mapped or cloud-covered environ-

ment, multiple look-angle, multiple or shallow depression

angle, satellite or airborne SLAR images would be extremely
valuable for the easily interpretable geomorphic and geo-

graphic information. For the semiarid, well-mapped Saf-
ford District, little additional information was contained in

the radar images.

3. Landsat MSS. The Landsat spectral bands and spa-

tial resolution are adequate for mapping the large limo-

nitic (weathered pyritic) zone over the Kennecott ore body.

The best image for mapping this anomaly is the PC image,

in which the third PC sharply delineates the limonite against

the background of the first PC.

A few major lineaments through the district are seen as

tonal anomalies. These particular lineaments are more dis-

tinctly shown by the PC image than by the ratio image or

by the CIR image.

The three-ratio (4/5, 5/6, 6/7) color composite also
delineated the same limonitic zone, but as a more diffuse,

less obvious anomaly. The Landsat three-ratio image is

advantageous in that spectral signatures can be perceived

by the color coding. For example, not only is the limonitic

zone coded in the expected orange-red tone, but the prop-

ylitic Mesozoic andesite outcrop is mapped in this image

as a cyan tone as would be predicted from the laboratory

spectra of these rocks.

The 4, 5, 7 CIR composite shows the same limonitic zone

in the expected yellow tones at about the same distinctive-

ness as does the CRC image. However, the CIR image does

not map the Mesozoic andesite rock as a distinct tone as

does the ratio image. Lithological difl'erences in the post-

()re volcanic rocks overlying the host rock are the most

sharply delineated on the CIR composites. For mapping

regional structure, the October CIR Landsat image is quite
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effective because the topography is enhanced by the low
solar illumination. One of the main limitations of the

Landsat MSS is spatial resolution. None of the digital

Landsat images showed the limonitic porphyry stocks

exposed at the Dos Pobres area, although these were delin-

eated by the color photographs and the multispectral aer-

ial scanner images. These Dos Pobres limonitic zones are
about the size of one Landsat MSS pixel (80 m).

In summary, all three digital versions of the Landsat MSS

images have their contributions and they should be used

together-the fall CIR image for structure and lithology of

younger volcanic rocks, the three-ratio composite for spec-

tral modeling and mineralogy, and the PC image for defin-

ing the limonitic zones.

4. M'S ll-ehannel scanner. The spectral range of the
visible and near-infrared channels used from the M2S

scanner spans a spectral range similar to the Landsat MSS

channels. The M2S three-ratio "8/9" image shows the same

color coding of geologic features as does the Landsat MSS

three-ratio image. However, the image improvement
resulting from the eight-fold increase in spatial resolution

is dramatic. The small limonitic porphyry outcrops at Dos

Pobres are clearly shown on the M2S images, but are not

resolved by the Landsat images. This comparison is a clear

demonstration of the economic value of increased spatial
resolution.

The increased spectral resolution of the M2S produced

additional mineralogic information not available from the

MSS, including possible detection of copper oxides and
mixed alteration zones. The bandwidth of the M-'S scanner

is less than one-half that of the Landsat MSS, and twice as

many M2S spectral bands occupy the same spectral range.

The same advantages were seen in mapping the distri-

bution of soils in the southeastern part of the test site.

lntbrmation interpretable from the M2S ratio images almost

perfectly matched the soil boundaries mapped by the U.S.

Department of Agriculture. This analysis suggests that nar-
row spectral bands, even in the Landsat MSS wavelength

region, and high spatial resolution can be of great value

for mapping Quaternary geology and pedology.

5. NS-001 Thematic Mapper Simulator. The geologic

information content of the N S-001 images was also increased

by the eight-fold increase in spatial resolution. As in the

M2S images, the limonitic porphyries at Dos Pobres were

clearly mapped on all of the NS-001 images.

Compared to the M2S, the NS-001 scanner has less spec-

tral resolution in the shorter wavelength end of its spectral

range and, thus, some subtle mineralogic discrimination is
lost. However, the extension of the spectral range to include

bands centered at 1.6 and 2.2/_m enabled the use of the

NS-001 data to directly map clay-type alteration-impossi-
ble with the M2S and Landsat MSS sensors. Because the

ability of the NS-001 scanner to map phyllic alteration zones

did not depend on the presence of limonitic gossans, the

NS-001 data enabled us to map more than 90 percent of

the phyllically altered areas by virtue of the clay absorp-

tion band at 2.2 _tm and the increased reflectivity of phyl-

lically altered rock at 1.6 #m.

The three-ratio NS-001 image was particularly useful for

spectral modeling, i.e., relating image spectra to mineral-

ogy. The canonical transform image was not useful in

spectral modeling, but did separate phyllically altered areas

into two subcategories. Used together, the canonical trans-
form and the three-ratio image enabled the phyllically

altered zones to be separated into three categories: (!) latites

and quartz monzonite, (2) leached, pyritic vent breccia and
tuff, and (3) heavily argillized areas. The combination of

these two images also resolved possible tonal confusion

between certain alteration zones and dense clumps of veg-

etation. The NS-001 image did not distinctly map the

limonite gossans (pyritic zones) within the phyllic zones.

The M2S images were the best for sharply defining the fer-

ric and copper oxides.

Structural features were clearly defined on the NS-001

images. In spite of the inferior spatial resolution of the

scanner, structural discontinuities were better defined by

tonal edges on these images than on aerial photographs.

6. M2S thermal data image. The "thermal inertia" image

was generated by combining three images as a false-color

composite: an albedo (panchromatic solar reflectance) image

with a daytime thermal infrared image and a nighttime

thermal infrared image. The hydrothermaily silicified rocks

of the most intensely altered quartz-sericite (phyllic) halo

of the Kennecott deposit were mapped in the thermal iner-

tia image. These silicified areas were delineated by their

combination of high albedo and high thermal inertia, i.e.,

relatively cool daytime temperature and warm nighttime

temperature, and were difficult or impossible to detect using
other data.

The use of the thermal band of the M2S scanner has

demonstrated the increased mineralogical information that

can be made available by the addition of thermal wave-

lengths to remote sensing systems.
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B. Signatures for Alteration of Andesitic Rocks

Discriminant analysis was applied to test the accuracy of

correctly identifying twelve groups of PFRS field spectra

(a total of 111 spectra) using the spectral bands of five dif-

ferent multispectral configurations. The sensor configura-

tions and the results are repeated in Table 6-17.

The percentage correct is closely related to the number

of channels. The slight deviation from this progression by

the 10-channel M2S sensor is most probably due to its lack

of channels in the 1.6- and 2.2-_m regions.

Although field spectra are undoubtedly best for calibra-

tion of sensors or for channel selection, laboratory spectra

of discrete rock samples were also used to relate mineral-

ogy and state of weathering to the spectra. Three kinds of

spectra were compared for each of twenty surface rock
samples collected in the Safford District. The sample min-

eralogy as derived from X-ray diffraction and examination

with a handlens was compared to these spectra. To this

data set the image codes were added from two remote sen-

sors, the NS-001 sensor in two-image configurations and

the M2S sensor in three-image configurations. These data

were tabulated in a 12-column by 20-row matrix (see Table
6-7).

The weathered rind of most rock samples from the phyl-

lic zone produced different spectra than did the interior,

freshly broken surfaces. The largest spectral differences are

in the infrared region. This spectral contrast is important

to note because remote sensing instruments map spectral

signatures of weathered rinds, whereas field geologists usu-

ally classify outcrops by freshly broken rock surfaces.

The grinding of samples to produce powdered-rock

spectra severely distorts the spectra. It follows that spectra

of powdered minerals commonly published in the litera-
ture should be used with caution.

The spectra of powdered rocks were compared with

spectra of solid weathered rinds of argillized and nonargil-

Table 6-17. Sensorconfigurationsand results
of classification analysis

Sensor Accuracy,

30-channel 95
10-channel M2S_ 63
7-channel NS4)01" 65
6--channelLandsat 4 TM_ 55
4-channel Landsat MSS 46

_No thermal channel.

lized rocks. The spectra of argillic rinds approach the form

of the spectra of powdered rocks. Both of these spectral

classes have relatively high infrared reflectances. One pos-

sible explanation is that the increased reflectance of argil-
lized rock is due to the decreased particle size in the

conversion of feldspar to clay. In a system containing two

relatively broad bands at 1.6 and 2.2/_m, such as the TM,
the increased reflectance at 1.6/,m may be even more use-

ful than the absorption at 2.2/,m for mapping clay. In some

of the spectra, the 2.2-/,m absorption band does not really

deepen with increasing clay content-it remains approxi-

mately the same while the 1.6-tLm reflectance increases.

Table 6-7 shows that with the use of five sensor configu-

rations (NS-001 canonical transform and three-ratio trans-

form; M2S "8/9" ratio, "9/10" ratio, and thermal inertia

images) 100 percent accuracy was obtained in identifying
the alteration types among the 18 samples having the five

image codes. This result concurs with the results of the dis-

criminant analysis indicating that increasing the number of

wavelength bands increases geologic information.

C. Recommendations

1. Sensors and sensor combinations. For mapping the

alteration zones associated with deeply buried porphyry ore

bodies of the type contained in the Safford District, multi-
channel electronic sensors of the type used in this study are

far superior to photography. Although the reflective and
thermal infrared channels between 0.7 and 13.0/_m are the

most important for geological remote sensing, the visible

range (0.4 to 0.7 _m) is effective if the spectral bands are

sufficiently narrow and closely' spaced.

The field and laboratory studies have shown that, for the

most effective geologic mapping, many channels may be
needed on the order of 15 or more. Spectral bands located

at reflectance maxima are as important as those located at

absorption minima. The spectrometric data show that nar-
row (0.05 /zm or less) bands centered at 0.6 and 0.75 /,m

and a broader band at 1.6/,m (as in Landsat 4 TM ) would

be very effective mates for the ferric absorption bands

adjacent to these highs at 0.45, 0.65, and 0.90/_m. An ideal

geologic multispectral remote scnsor might have a band

centered at every 0.05-/tm interval from 0.45 to 1.25/_m, a

single band centered near 1.6 [tm, narrow bands at every
0.02 lum from 2.0 to 2.6 _m, and a band at every 1.0 ttm

from 8.5 to 13.5/_m.

Experience in the field shows that stereo color photo-

graphs, nominally scale-matched to the digital images, are
an invaluable complement to the digitally processed hard

copy. The higher resolution, stereoscopic, natural-color
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format of the photographs helps interpretation of ambigui-

ties in the digital images, helps locate target areas for digi-
tal classifications, and aids in navigation and positioning

during field checks. An aerial camera of suitable focal length
to cover the usable swath width of airborne electronic sen-

sors should be included in airborne remote sensing pack-

ages. To aid in interpretation of satellite images such as the
Landsat 4 TM, the use of higher resolution color or color-

infrared image data such as the SPOT sensor (a high spa-
tial resolution French satellite system to be launched in

1984) or high-altitude aerial photography is recom-
mended. In areas where SAR would be beneficial, the use

of shallow depression angle, multidirectional SAR is
recommended.

2. Digital processing techniques. The simpler and the

more complex digital techniques together produce comple-

mentary sets of images. Color additive composites are the

least expensive and preserve the geomorphic information
best. CRCs can be used to enhance and display the spec-

tral character of ground areas. PC and canonical transform

images can sometimes be used to map subtle but geologi-

cally important spectral classes, but they are the most

expensive images to produce.

All three types of images should be produced, but not all

at once. The simplest algorithms should be produced first

and used for preliminary fieldwork before the more eso-

teric algorithms are applied.

3. Field verification techniques. Extra copies of the multi-

spectral images should be cut into manageable-size sheets,

no larger than 8 x 10 in. (200 x 280 mm) that will easily fit

into a notebook or clipboard. The photographs and other

images should be laminated between clear plastic. All pho-

tographs, maps, and images should be nominally scale-
matched (within 10 percent). The digital images will guide

the field traverses to examine spectral anomalies.

4. Sequencing of data acquisition, processing, and
verification

a. Landsat MSS. A multiseasonal set of standard CIR

Landsat MSS images can be used to select the optimal sea-
sonal conditions of vegetation, tog, snow cover, dust, and

other environmental factors important to the acquisition of

geological remote sensing data. The more expensive but
more geologically suited data can be selected by using this

relatively inexpensive data set.

b. Aerial surver,. An aerial remote sensing survey would

then be designed with the instrument array and channel

selection whose configuration would depend upon the geo-

logical targets and their geological and environmental

backgrounds. Experiences with the Safford test case dem-

onstrate that maximizing the number of spectral channels

and spectral resolution will maximize the geological infor-

mation produced. Aerial cameras with color or color-infrared
film should be included in the sensor system.

c. Preliminary image processing and interpretation. In a

digital image laboratory, color additive and/or color ratio

images should be produced with the aid of all appropriate

geological information available at that time.

A set of scale-matched multispectral hard copy, aerial

photographs, and existing maps should be produced for
use in the next stage field checking and field spectrome-

try. Preliminary interpretation will delineate target areas,
road access, and other information useful for reconnaissance.

d. Preliminary fieldwork. With the scale-matched set of

digital images, aerial photographs, and maps in hand, the

remote sensing geologist should conduct reconnaissance

traverses guided by targeted anomalies shown on the images.
These traverses include the use of a field spectrometer and

the collection of surface samples for later laboratory analysis.

e. Laboratory work. The extent of laboratory work

depends upon the degree of development of the geological

model in the target area. If the environment is not well

understood, the analysis of the samples might include

reflectance spectrometry of the solid weathered surface,

X-ray diffraction, X-ray fluorescence, wet chemical analy-

sis, trace metal chemistry, and petrography.

f Final imageprocessing and secondarv interpretation. The

spectral data collected with the field spectrometer can be
used to calibrate the multispectral data for canonical anal-

ysis and other higher level digital processing. The geologi-

cal knowledge gained on the field traverses and the results
of the laboratory analyses should be used to synthesize a

geological remote sensing model that will be applied to the
development of algorithms for the production of the final

digital images.

An interpretive map would be constructed from the final

digital image (or images). Potentially mineralized areas or

important areas that are difficult to interpret are targeted

to help direct the final field checks.

g. Finalfield checks. With field-configured copies of the

final digital images added to the remote sensing package,

the field geologist is now ready to take the package to the
field. He will check problem areas and mineral targets and

reinterpret the images as required: additional samples may
be collected; geologic information is added to the maps.

Detailed groundwork can then begin in selected areas.

6-91



Acknowledgments

Anthony Hauck, who represented Phelps Dodge Corporation on the Geosat por-

phyry copper panel, released proprietary geologic maps of the Dos Pobres property
_and of the district (later published by Langton and Williams, 1982). Phelps Dodge

also provided access to Dos Pobres for our field measurements, and A. M. Schern

and David Bogges provided field guidance and assistance on the property. Phelps

Dodge and ANAMAX Corporations paid for laboratory spectral measurements of

samples taken from the test site. Phelps Dodge provided funds for Lepley's travel to
the Test Case Workshop in Denver. G. D. Van Voorhis released proprietary geo-

logic and alteration maps of the district and a structure map of the Kennecott (Saf-

ford) deposit, compiled by Annan Cook. Through Neal Gamble and Don Fountain,

Kennecott provided access to their deposit, and Annan Cook, who compiled the
Kennecott maps, gave us field guidance during our sampling and field observations

on the Kennecott property.

Douglas Pease, State Soil Scientist of the USDA's Soil Conservation Service in

Phoenix, made available unpublished mylar orthophotographs and soil maps of the
area.

6-92



References

Abrams, M., R. Ashley, L. Rowan, A. Goetz, and A. Kahle (1977). Mapping of

hydrothermal alteration in the Cuprite Mining District, Nevada, using aircraft

scanner images for the spectral region 0.46 to 2.36 _am. Geology, 5, 713-718.

Anderson, C., E. Scholz, and J. Strobell (1955). Geology and ore deposits of the

Bagdad area, Yavapai County, Arizona. U.S. Geol. Surv. Prof. Pap. 2 78.

Blake, D. W. (1971). Geology, alteration, and mineralization of the San Juan Mine

area, Graham County, Arizona. Master's thesis, University of Arizona, Tucson.

Blom, R., M. Abrams, and H. Adams (1980). Spectral reflectance and discrimination

of plutonic rocks in the 0.45 to 2.45 _m region. J. Geophys. Res., 85, 2638-2648.

Conel, J., M. Abrams, and K. Baird (1980). Uranium: Spectral discrimination of

alteration phenomena in sediments. Mod. Geol., Z 115-135.

Davis, J. (1973). Statistics and data analysis in geology. New York: John Wiley &
Sons.

Dixon, W. (Ed.) (1970). BMD07M stepwise linear discriminant analysis. BMD

biomedical computer programs. Berkeley: University of California Press, 233-253.

Dunn, P. (1978). Geologic structure of the Safford District, Arizona. Ariz. Geol. Soc.

Digest, XI. Tucson: University of Arizona Press, 9-15.

Ford, J., R. Blom, M. Bryan, M. Dailey, T. Dixon, C. Elachi, and E. Xenos (1980).

Seasat views North America, the Caribbean, and Western Europe with imaging radar

(JPL Publication 80-67). Pasadena, California: Jet Propulsion Laboratory.

Horsnail, R. (1978). Safford District, Graham County, Arizona. J. Geochem. E., 9,
241-243.

Hunt G., and R. Ashley (1979). Spectra of altered rocks in the visible and near
infrared. Econ. Geol., 74, 1613-1629.

Hunt, G., and J. Salisbury (1970). Visible and near-infrared spectra of minerals and
rocks: I. Silicate minerals. Mod. Geol,, 1, 283-300.

Hunt, G., J. Salisbury, and C. Lenhoff (1971). Visible and near-infrared spectra of

minerals and rocks: Ill. Oxides and hydroxides. Mod. Geol., 2, 195-205.

Hunt, G., J. Salisbury, and C. Lenhoff (1973). Visible and near-infrared spectra of
minerals and rocks: VI. Additional silicates. Mod. Geol., 4, 85-106.

6-93



Jennrich, R. (1977). Stepwise discriminant analysis. In K. Enslein, A. Ralston, and

H. Wilf (Eds.), Statistical methods for digital computers, Volume III of mathemati-

cal methods for digital computers. Wiley-|nterscience Publication, 76-95.

Kahle, A. B., J. P. Schieldge, M. J. Abrams, R. E. Alley, and C. J. LeVine (1981).

Geologic application of thermal inertia imaging using HCMM data (JPL Publica-

tion 81-55). Pasadena, California: Jet Propulsion Laboratory.

Langton, J., and S. Williams (1982). Structural, petrological and mineralogical con-

trols for the Dos Pobres orebody. In S. Titley (Ed.), Advances in geology of the

porphyry' copper deposits. Tucson: University of Arizona Press.

Lepley, L. K. (1978). Geophysical lineaments of Arizona (Technical Report). Univer-

sity of California, Los Alamos National Laboratory.

Lowell, J. (1978). Case histories of discoveries. Ariz. Geol. Soc. Digest, XI. Tucson:
University of Arizona Press, 175-178.

Lowell, J, and D. Guilbert (1970). Lateral and vertical alteration-mineralization zoning
in porphyry ore deposits. Econ. Geol., 65(4), 373 408.

Lyzonski, J. C., J. S. Sumner, C. L. V. Aiken, and J. S. Schmidt (1980). The complete
residual Bouquer gravity anomaly map of Arizona (IGSN71). Tucson: Arizona Bureau

of Geology and Mineral Technology. (Scale 1: 1,000,000)

MacDonald, H. (1980). Techniques and applications of imaging radars. In B. Siegal

and A. Gillespie (Eds.), Remote sensing in geology. New York: John Wiley &
Sons, 297-336.

Podwysocki, M., F. Gunther, and H. Blodget (1977). Discrimination of rock and soil

t)pes by digital analysis of Landsat data (Report X-923-77-17). Greenbelt, Mary-
land: Goddard Space Flight Center.

Readdy, L. A. (1978). Porphyry copper and hydrothermal alteration investigation (Final

Report to U.S. Geological Survey). (Report PB-291205)

Rehrig, W., and Y. Heidrick (1976). Regional tectonic stress during the Laramide

and late Tertiary intrusive periods, Basin and Range Province, Arizona. Ariz. Geol.

Soc. Digest, X. Tucson: University of Arizona Press, 205-228.

Robinson, R. F., and A. Cook (1966). The Safford Copper Deposit, Lone Star Min-

ing District, Graham County, Arizona. In S. Titley and C. Hicks (Eds.), Geology,

of the porphyry copper deposits. Tucson: University of Arizona Press.

Rowan, L., P. Wetlaufer, A. Goetz, F. Billingsley, and J. Stewart (1974). Discrimina-

tion of rock types and detection of hydrothermally altered areas in south-central

Nevada by the use of computer-enhanced ERTS images. U.S. Geol. Surv. Prof.
Pap. 883.

Sauck, W., and J. Sumner (1970). Residual aeromagnetic map of Arizona. Tucson:

University of Arizona Press. (Scale 1:1,000,000)

Soha, J., and A. Schwartz (1978). Multispectral histogram normalization contrast

enhancement. Proceedings of the 5th Canadian S_mposium on Remote Sensing,

Victoria, B.C., August 1978, 86-94.

Titley, S. (1982). Advances in geology of the porphyry copper deposits. Tucson: Uni-
versity of Arizona Press.

Titley, S., and C. Hicks (Eds.) (1966). Geology of the porphyry copper deposits. Tuc-
son: University of Arizona Press.

6-94



U.S. Department of Agriculture (1970). Soil survey, Safford area, Arizona. Washing-

ton, D.C.: U.S. Government Printing Office.

U.S. Department of Agriculture (1973). General soil map, Graham County, Arizona

(M7-L-22961-1). Portland, Oregon: U SDA-SCS.

Wiersma, D., and D. Landgrebe (1980). Analytical design of multispectral sensors.
IEEE Trans. Geosci. Rein. Sens., GE-18(2), 180-189.

6-95





Section 7

Uranium Commodity Report

John W. Gabelman
Utah International, Inc.

San Francisco, California

James E. Conel
Jet Propulsion Laboratory





Tables

7-1.

7-2.

7-3.

Distri

! l-ch

Cann

urani

plottc

(and (

patter

Chara

Back

Data

I,

II.

III.

IV.

V,

Section 7

Uranium Commodity Report

Contents

Introduction ................................................ 7- I

A. Background and Objectives ................................. 7-1

B. Program and Site Selection ................................. 7-1

General Geology of Uranium Deposits ......................... 7-3

A. Uranium Occurrence Compared to Other Resources ............ 7-3

B. Geochemical Behavior of Uranium and Its Accumulation

Into Mineral Deposits ...................................... 7-5

C. Significance of Rock Alteration ........................... :.. 7-5

I). Forms of Uranium Occurrence .............................. 7-6

E. Major Types of Uranium Deposits ........................... 7-8
1. Veins ................................................. 7-8

2. Sandstone impregnations Uravan mineral belt type ......... 7-9

3. Large continuous sandstone impregnations ................. 7-12

4. Quartz pebble conglomerates ............................. 7-14
5. High-temperature replacement disseminations ............... 7-15

6. U nconformity-related deposits ............................ 7-16

Remote Sensing in Uranium Exploration ...................... 7-18

A. Case Histories ............................................ 7-20

I. Mapping of alterations using satellite images ................ 7-20

2. Other spectral, textural, and structural studies ............... 7-22

B. Summary ................................................ 7-23

Geologic Overview of Test Sites .............................. 7-24

A. Lisbon Valley District ...................................... 7-24

B. Copper Mountain District .................................. 7-26

Summary of Test Site Results ................................ 7-27

A. Nature and Utilization of Remote Sensing Information .......... 7-27

B. Lisbon Valley ............................................. 7-28

C. Copper Mountain ......................................... 7-29

PRE6;EDiNg PAGE BLANK



Vl. RemoteSea
A. Lisbon V

1. Explo!
2. lnforn

3. Timin

B. Copper 1_

!. Explot
2. Inforn

3. Discui

VII. ExtrapolaU

A. Bleachin

B. Iron Oxi

VIII. Implication

IX. Direction ot

X. Summary .

References .....

Figures
7-1. Areai

7-2. Areai

7-3. Gen,

7-4. Plan
mine

and

7-5. Sche

vanai

7-6. Schel

bour_

end

7-7. Gen{

sand!

wyoi
7-8. Sche_

lead_

faultl

7-9. Dia_

orq
7-10. Geo!

nife_

ofv_

7-11. Gen i
ore:

7-12. Sch_
the

7-13. Disti

dep_

Lisb I



Section 7

Uranium Commodity Report

I. Introduction

A. Background and Objectives

The Joint NASA/Geosat Test Case Project has focused

on applying remote sensing methods to geologic mapping

and exploration. The purposes were to define how remote

sensing could be used for geologic mapping and to deter-

mine how these methods could potentially contribute to

resource exploration. This commodity report summarizes

the application of multispectral imaging techniques to ura-

nium exploration. Detailed results of all phases of these
investigations, including geologic mapping and image

analysis, are presented in accompanying reports Jbr the two

uranium test sites, Lisbon Valley, Utah (Section 8), and

Copper Mountain, Wyoming (Section 9).

In past remote sensing applications, Landsat Multispec-
tral Scanner (MSS) data have been applied to uranium

exploration in two ways: (1) through the mapping of

surface-exposed iron-oxide alteration effects and (2) through

the mapping of the variations in lineament or vegetation

density as a guide to unravelling stratigraphy or structure

related to uranium distribution. These applications were

hampered by the poor spatial resolution (480 m) and lim-

ited (wide-band) spectral sampling of Landsat MSS data.

Present applications represent a signiticant extension of the

remote sensing method beyond lhat usually undertaken with

satellite data. With NASA's aircraft-mounted multispectral

scanners, surface spatial resolution over the sites has improved

by' a factor of five to ten, thus making the image data more

nearly comparable to aerial photography in spatial resolu-
tion. The spectral observation interval of 0.4 to 2.4/*m, with

spectral channels as narrow as 0.04/_m, significantly improves

classification, discrimination, and identification beyond that

possible with Landsat MSS and perhaps conventional aerial

photographs.

From a geologic point of view, the new uranium test site

applications provide a challenge in relating the remote
sensing data to the genesis of ore deposits. New geologic

insights have emerged at both sites, somewhat reconciling

existing empirical exploration models with surface geology

and thereby developing a better appreciation of both the

strengths and weaknesses of remote sensing data.

B. Program and Site Selection

The uranium test site selection committee met in 1977

to select sites for the Project. The criteria for site selection
were as follows:

(1) Districts rather than single deposits were to be selected

to ensure some generality of the results. These would

include deposits of large size and grade to maximize

geologic contrasts with surrounding rocks and to

provide large targets. Different types of uranium

occurrences would be represented among the dis-
tricts. Ore bodies would be present at a sufficiently

shallow depth to permit study of both the deposits
and halo, or "umbrella," effects in the outcrops over

them. The districts would present maximum expo-

sures of a diversity of rock type, structure, and, if

possible, alteration.

(2) Cultural disturbances were to be minimal, though

some effect was recognized to bc inevitable. Typi-

cally, active uranium-producing areas contain drill

pads, access roads, mine dumps, and production
facilities. These ordinarily form a small portion of
the total surface, but the effects are detectable at the
resolution of satellite or aircraft scanner observa-

tions and thus need to be accounted for. For exam-

ple, exploration drill sites can be spaced at intervals

from a few meters to a few hundred meters, although

confined mainly to regions of ore accumulation in

the subsurface. In these places, together with the
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(3)

(4)

connecting access roads, the vegetation cover and

topsoil are often removed or completely disturbed,

exposing partially weathered or fresh rocks beneath.

Areas of older mining activity, since abandoned and

partly or completely revegetated, may be difficult to

recognize at the present time. Most of these distur-

bances may be identified and accounted for in the

interpretations by employing aerial photographs or

by making field observations.

The districts were to be of largely single controller-

ship, preferably by a Geosat member company, to
assure access for fieldwork in the test site areas, to

minimize requests for proprietary data, and to avoid

problems of disclosure or land ownership should new
areas of exploration interest emerge during the

investigation.

Sufficient background data were to be available to

permit evaluation of the remote sensing results. Such
information would include surface and subsurface

geologic maps, distributions of mineralization and

rock alteration, soil type, and vegetation communities.

The array of districts initially considered was based on

the following considerations. Nearly 95 percent of domes-

tic uranium production has come from large lenses and

pods that are strata-bound in nearly flat sandstone beds
and 5 percent in steep, tabular, vein deposits (Gabelman et

ai., 1981). Other exotic deposits include small replacement

lenses in limestone and large, low-grade, replacement dis-

seminations in volcanic tuff or granite. Accumulations

termed resources referring to much less quantified and even

undiscovered deposits-include an increasing proportion of

large, low-grade, replacement disseminations, but these are

largely unexplored and their characteristics poorly known.

Most veins and limestone replacement lenses are too small

to be resolved spatially in satellite images (30 to 80 m), but

they might be detected at resolutions attainable with air-
craft scanners (_ 15 m). Some veins are sufficiently long

and recognizable to be the object of geometric fault/linea-
ment studies.

Those test sites selected also had to be suitable for spec-

tral studies of the rock types and rock alteration products

present. The uranium mineralization process is thought to
alter large volumes of rock to new minerals and to form

ore bodies as "plums in a pudding" (Gabelman and Boyer,

1958). This process usually generates a marked contrast

between the altered uranium-bearing "matrix" and its

unaltered surroundings. Thus, districts containing small ore

lenses in sandstone or veins may be discriminated by ana-

lyzing the altered matrix using the spectral reflectance

properties of altered rocks.

The chief task of the uranium subpanel was to identify

and select a few districts of widely differing characteristics

and deposit types. The types selected included the following:

(1) A district of"giant" ore bodies in sandstone (Lisbon

Valley, Utah)

(2) A district of many small, scattered ore bodies in
sandstone (Uravan mineral belt, Colorado)

(3) A district of large replacement disseminations in

crystalline intrusive rocks (granite) (Copper Moun-

tain, Wyoming)

(4) Districts of large replaccment or impregnation dis-
seminations in volcanic tuff or tuffaceous sediments

(Date Creek Basin, Arizona; McDermitt Caldera,

Nevada; Lakeview, Oregon)

(5) A district containing large buried deposits (known

by drilling) but whose surface had not yet been dis-

turbed by mining activitics (east side of San Juan
Basin, New Mexico)

Using the criteria given earlier, the subpanel selected two

sites, Copper Mountain, Wyoming, and Lisbon Valley, Utah.

The characteristics of these deposits are given in Table 7- i.

The two test areas have deposits that represent very differ-

ent types of apparent alteration, host rocks, structural or

stratigraphic environment, and apparent age of deposits.
In both areas, uranium ranges from near-surface to mod-

erate depth. Both areas also are covered by similar vegeta-

tion communities of approximately the same areal density.

Cultural disturbances at the sites are locally intense,

especially in areas of active mining or exploration. The dis-
turbances related to mining consist of drill roads, explora-

tion drill sites, mine workings, haulage roads, dumps, and

production facilities. Oil wells and refining facilities are

present at Lisbon Valley but lie mostly outside the mining
areas.

Of far greater areal significance at the Lisbon Valley site,

though not in areas of active mining, is the disruption of

the indigenous pifion-juniper vegetation community by a

Bureau of Land Management (BLM) rangeland reclama-

tion program. The measures taken in this program con-

sisted of removing the tree (and shrub) cover, stacking slash

material at local sites, and subsequently reseeding the areas

with range grasses. The affected areas are several square
kilometers in area and needed to be accounted for mainly
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Table 7-1. Characteristics of the uranium test sites

Characteristic

Latitude/longitude

Test site area, km 2

Nature of deposits

Type

Host rock

Age

Depth, m

Alteration

Production (or reserves) of

U30 _

Mineralization

Geologic setting

Climate

Vegetation (estimated % cover}

Lisbon Valley, Copper Mountain,

Utah Wyoming

38°12 ' N/'I09°I5'W 43°23 , N/'I07°5YW

200 400

Strata-bound Stockwork or vein (supergene?)

Sandstone of Triassic age Archean granite

Triassic (?) Tertia U

Few to 200 15 to 100

Bleaching, leaching of Fe _3 Propylitic + limonitic/
oxide hematitic

> 70,000,000 lbs Proprietary (probably

< 6,000,000 lbs)

Uraninitc (U 1_4,,U_ _') 0 2 _ Sooty pitchblende

Coflinite (U(SiO4) I x(OH),Ix )

Flanks of salt anticline

Semiarid

t'ifion-juniper and _ge

grassland (0 to 70)

Crushed and fractured zones

along normal faults above
overthrust

Semiarid

Juniper and sage grassland (30)

in geological mapping from image data. Apart from graz-

ing by cattle and wildlife, vegetation is essentially undis-

turbed at the Copper Mountain site.

All cultural effects related either to mining activity,

petroleum production, or rangeland reclamation can be

identified and accounted for from aerial photographs at
both test sites.

A variety of topographic, geologic, soil and vegetation

maps, plant species lists, and geophysical and geochemical

surveys was available or was acquired during the course of

the investigation. These are listed in Table 7-2. Refer to

individual test site reports for details of many of these

surveys.

II. General Geology of Uranium Deposits

A. Uranium Occurrence Compared to Other
Resources

The technology for discovering valuable deposits of any

mineral resource depends on the mode of occurrence and

whether that mode is suited to economic exploitation. There

are three broad geometric types. The simplest type is the

planar distribution, such as extensive sedimentary layers of

coal, phosphate, or limestone. Veins along faults are steeply

inclined forms of such planar bodies but are much less
continuous. The second type, of intermediate complexity,

is relatively restricted pools of liquid, gas, hydrocarbons, or

their solid counterparts. Mineral bodies of planar shape
but of limited lens-like extent, such as replacements of

limestone, are of this type. The third type, of greatest com-

plexity, is concentrations of trace elements (including ura-

nium). Such deposits are geologically rare. They are of very

restricted geographical distribution, of limited size, and

usually of irregular shape.

A variety of geological processes are capable of concen-

trating any trace element into economic deposits, and dif-

ferent groups of processes are responsible for different

elements. Useful recognition parameters for valuable trace-

element deposits appear complex. A few processes are

eventually recognized as possible candidates for the gene-
sis of economic deposits. These interpreted processes and

their results become models that routinely are preferred in

exploration.

Like most trace elements, uranium is present in extremely

low abundances, averaging 2 to 3 ppm in most rocks. To

constitute an economic deposit, uranium must be concen-

trated by at least three orders of magnitude above these

levels. Uranium deposits are mostly created by chemical/

geological processes in already-formed rocks and thus are

epigenetic deposits, as opposed to syngenetic deposits that

form contemporaneously with the rocks. The genetic

ingredients required to form a valuable deposit are (1) a
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Table 7-2. Background data for uranium test site investigations

Data
Lisbon Valley,

Utah _
Copper Mountain,

Wyoming"

Topographic maps

Regional ( I :250,000) P P
Test site ( 1:24,0001 P P

Detail ( 1: 12,000) N/A l}r/'A

Geologic maps

Regional (1:250,000 and 1:500,0001 P P
Test site ( 1:24,(R101 P P

Uranium occurrence data

Discovery P P

Pr{_uction P N ,A
Reserves Pr Pr

Subsurface structural data from oil well, drill hole
and seismic P I'

Soil maps (1:4,470 and 1:250,000) P P

Vegetation community maps ( 1:4,470 and 1:33,000) P Pr/A

Field vegetation surveys, species, and/or abundance P Pr,'A, S

Field/laboratory spectral reflectance surveys S S

Geophysical surveys

Gravity P P

Magnetic P Pr/A

Soil and bedr{x:k geochemistry

X-ray diffraction mineralogy S S

Elemental geochemistry N/A Pr/A

Ore deposits and petroleum

X-ray diffraction mineralogy S N/A

Carbon isotopes S N/A

Sulf'ur isotopes S N/A

Previous remote sensing studies N/'A P

_'P Public information, including maps, reports, papers and unpublished theses
S Study conducted during this investigation

Pr/A Proprietary but available Ibr this investigation

Pr Proprieta_'; not available l;:}rthis invesligation

N/A Not available or not acquired

uranium source, (2) a mobilization mechanism, (3) a trans-

portation mechanism, (4) a concentration mechanism, and

(5) a lixation (precipitation) mechanism. Together, these

constitute the mineralization process. The same process and

ingredients are valid for a number of economically valu-

able elements besides uranium. For uranium the process is

complicated by the variety of geological environments in

which it occurs and by the character of host rocks, their

composition, geometry, and location. The combination of

mineralization and environmental conditions that pro-

duces a valuable deposit is unusual enough for both the

process and its products to be relatively rare--hence the

high deposit value.

Uranium differs from other trace elements by being of

newest utility to society. Other than radioactivity, its most

significant property is solubility in the oxidized (U ' _) state.

High solubility makes uranium ve U mobile, especially in

near-surface environments. Like better-known soluble ele-

ments (e.g., iron, manganese, copper), uranium thus forms

many compounds in a large variety' of environments. Prob-

ably not all modes of depositkm have been recognized, and

some are not fully understood (e.g., the evaporitic urani-

fcrous "calcretcs"). Historically, the recognized forms of

uranium concentration progressed from veins to pegmati-

tics, sandstone impregnations, quartz-pebble conglomer-

ates, limestone replacements, replacement disseminations,
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and rich breccia masses (described in Paragraph II.E). Each

form was found to be more prolific than its predecessors,

and the model describing each became the preferred model

for further exploration.

Uranium exploration has been conducted by surface

sampling and drilling in areas offering a suitable combina-
tion of environmental factors. A number of new deposits

of both old and new types were discovered during the

exploration surge of the 1970s based on criteria learned

from deposits discovered during the boom of the 1950s.
However, the number discovered was small compared to

the earlier boom, and the aggregate value of the new dis-

coveries fell far short of the amount spent collectively by

industry in discovering them. Also, these deposits are

probably not representative of the number of each type
nor of the number of types that exist. Thus, knowledge of

uranium occurrence is still incomplete, and discovery

opportunities are still favorable when suitable exploration

incentives prevail.

The following descriptions of the general features of

uranium deposits and districts are drawn from field experi-

ence since 1953, and some descriptions are unpublished.

During that interval, uranium became the most studied and
documented of all economic mineral commodities, and a

huge literature has resulted. Some examples are the pro-

ceedings of the International Atomic Energy Agency Vienna

conferences and the many reports prepared by Bendix Field

Engineering Company, national laboratories (Livermore,

Berkeley, Los Alamos, Oak Ridge), and other contractors

for the U.S. Department of Energy during the National
Uranium Resource Evaluation Program. A recently pub-

lished summary of the genesis of the important types of
uranium deposits has been given by Nash et al. (1981).

magmatic crystallization. Fixation of" uranium occurs in the
chemically reduced (U +4) state in which it is insoluble.

Uranium and thorium in their original crustal state are most

associated with the granite-rhyolite clan of igneous rocks,

the final products of magmatic differentiation.

Uranium and thorium locally are concentrated together into

primary high-temperature epigenetic deposits as dissemi-

nated replacements and veins. The bulk of juvenile uranium
delivered to continental rocks becomes disseminated in mag-

matic rocks such as alkaline granites and rhyolitic tufts at a

level of 3 to 5 ppm. That portion delivered through ocean-

ridge fault zones at spreading tectonic-plate boundaries in
alkaline basalts mostly ends up in seawater as suggested by

the low abundances observed (0.14 ppm) in oceanic basalts.

Once resident in the continental crust, soluble uranium, but

not thorium, can be mobilized through leaching and ero-

sional processes. Such mobilization usually results in still

greater dispersion. However, given suitable environmental

conditions and a precipitation mechanism, uranium can be

concentrated secondarily into economic deposits. The con-

centration rather than further dispersion of mobilized ura-

nium is more diMcult and depends greatly on local geologic
conditions. For crustal uranium, the critical ingredients for

concentration during lateral (laterogene) or downward

(supergene) migration are (1) a suitable liberation agent or
mechanism, (2) suitable transport agents and pathways, and

(3) suitable precipitants, which in simple cases need be only a
reductant to change soluble U _'_to the insoluble U ' 4 state.

Argument surrounds the distinction between deposits of

hypogenic (primary) uranium (separated from thorium prior
to concentration) and deposits of supergenic or [alerogenic

(recycled) uranium. The preponderance of opinion lies with

recycling of crustal uranium because the processes are simpler.

B. Geochemical Behavior of Uranium and Its

Accumulation Into Mineral Deposits

The lithophile element uranium and its close geochemi-

cal companion thorium are delivered to lhe crust in peral-

kaline and calc-alkaline magmas. These elements crystallize

together in a wiriety of late magmatic minerals. Transfer

from initial distributions in the mantle is accomplished with

uranium in the form of volatile halide species (F, C1) and

is aided by the chemical incompatibility of uranium in

common rock-forming materials of the crust and mantle.

Possibly 50 to 75 percent of the Earth's uranium has been

transferred (Gabelman, 1977) ahmg with thorium and other

incompatible elements.

Uranium and thorium thus become concentrated in the

iinal aqueous and volatile residual fluids accompanying

C. Significance of Rock Alteration

Alteration accompanying metallic ore deposition is a con-

sistent associate of magmatic-related or mantle-emanalion-

related epigenetic mineralization processes (Mcyer and

Hemley, 1967). Altered-rock halos around ore bodies or
altcred matrices of districts resulting Iron1 these processes

have been useful guides in metal exploration. An important

type of alteration accompanying uranium mineralization

produces chlorite, epidote, albite, clay,, silica, quartz
sericite, and secondary alkali feldspars, depending on tem-

perature. The aggregate is termed collectively "propylite.'"

These products are almost always present regardless of the

types of metals concentrated during lhc metallization phase

of the mineralization process. Whether such rock ahera-

tion is a precedent of uraniunl nlineralization has alvcavs

bccn controversial. Those preferring the interpretation of
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transport and deposition of uranium from groundwater have

been reluctant to accept pervasive propylitic alteration
because such alteration is thought to require fluids more

corrosive than ordinary dilute groundwater and because a
hypogene mineralization mechanism would thereby be

implied. Experience from years of widespread uranium

exploration has proved the presence of mineralogically
anomalous ore-body halos and district matrices. These

constitute altered rock (see, for example, Gabelman and

Boyer, 1958). The pervasive rock alteration in uranium dis-
tricts is now more widely accepted. However, complica-

tions have arisen over the definitions and causitive agents

of the alteration. The changes recognized typically are of
low-temperature origin and could result from a variety of

processes. Confusion clouds the distinction of alterations

produced in rcducing environments and later elevated into

the vadose zone to become oxidized and weathered. Many'

regard oxidation/weathering as the most significant altera-
tion associated with sandstone uranium occurrences.

Reduction (ferric to ferrous iron in clay), iron chloritiza-

tion, argillization, bleaching, pyritization, hematization, and
silicification are types of alteration also found with ura-

nium mineralization. These occur at depth independently

of surficial oxidation and weathering. Oxidation and

weathering of alteration minerals produce limonite and

kaolin. Confusion surrounds the genetic distinction of

supergene limonite from hematite. Hematite forms sponta-

neously from hydrated iron oxide at the surface at mildly

elevated temperatures (Berner, 1969). Limonite and hema-

tite are not thermodynamically interconvertible under
shallow conditions once hematite is formed as the stable

phase. Even under chemically reducing conditions, such as

in paludal environments or in interaction with epigenetic
fluids, the production of limonite from hematite is contro-

versial. One possibility' is that an intermediate suite of min-

erals may be formed: iron-rich green clays (montmorillonite,

nontronite), chlorite, and the sulfides pyrite and marcasite.

These may undergo subsequent oxidation and hydration

reactions to produce limonite and goethite.

D. Forms of Uranium Occurrence

Uranium is so widespread geologically' and geographi-

cally in concentrations from less than 1 ppm to greater than

20 percent that methods for classifying occurrences as

deposits need to be discussed. The following are in general

use. Uranium can be more or less uniformly disseminated
throughout rocks such as black shale or phosphate or can

be strongly concentrated. The former are called uranium

dispersions and the latter concentrations. Although some

dispersions have been investigated for exploitation at very

high uranium prices, they have not been able, historically,

to compete with concentrations and are mostly of scientific

interest. Dispersions formed in a rock coincidentally with
the formation of a rock are "natural abundances." These

would represent the extremely large, low-grade deposits at
the minimum of the size-richness range. Potentially eco-

nomic examples include Florida phosphate rock (100 ppm

U308), Swedish Mum shale (200 to 300 ppm U_O 0, Ameri-

can Chattanooga shale (65 ppm U_Os), and Vermont Con-

way granite ( I 1 ppm U30 0.

Economic uranium geology centers around uranium

concentrations (Figure 7-1). "Concentration" is synony-

mous with "'grade" or richness. Those concentrations far

below the current limit of economic exploitation (and

probably always so) are informally called "occurrences"
(Figure 7-2), although accurately any concentration is also

an occurrence. Concentrations slightly below the economic

limit, which might fluctuate from ore to waste with chang-

ing price, are marginal deposits. Concentrations above this
economic limit are called "deposits," an abbreviation for

"ore deposit," although all concentrations likewise techni-

cally might be called deposits. "Ore" is formally defined as

any natural product that can be mined at a profit. The

qualifier "ore" is often dropped to avoid the implication of

economic viability before an ore deposit is evaluated.

Deposits are evaluated in terms of the total quantity of

valuable commodity they contain, portrayed as the prod-

uct of volume and grade.

Deposits of potential economic interest are further clas-

Sified by the method of entry and fixation of the valuable

element (U, Cu, Pb, Zn, Au, Ag, etc.) in the rock. The two

basic types of entry are incorporation with the rock as it is
formed (syngenesis) and emplacement in an already-formed

rock (epigenesis). Early, in the history of uranium geology,
these alternatives were the dominant issue for uranium

deposits in sandstone of the Colorado Plateau. Now,

recognizing that an epigenetic concentration mechanism is

required because the initial syngenetic abundances are so

low, geologists debate the issue less, although many still
consider uranium to be of syngenetic origin in either igneous

or sedimentary rocks.

Two additional fundamental processes further qualify

epigenetic concentration: the filling of open cavities in rock

by precipitation from fluids and the metasomatic replace-

ment by fluid diffusion through solid rock.

Metasomatic replacement involves ion exchange to form

new minerals that grow by replacement in the matrix. All
combinations of these extremes are found in nature. Some

examples are fault fillings (veins); small fracture or joint

fillings (stockworks); pore fillings, as in sandstones near
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fractures (impregnations); widespread pore fillings

(impregnation disseminations); replacement of fault or

fracture walls (replacement veins); large, rich replacement

areas, independent of fractures (massive replacements);

and replacements as small, isolated grains widely and per-

vasively distributed throughout a rock (replacement
disseminations).

E. Major Types of Uranium Deposits

Uranium in some small quantity occurs in most types

and distributions of rocks so that it can be said to be geo-

chemically persistent. However, concentrations above

0.1 percent U_O, in rocks generally have been required for

a deposit to be of potential economic interest. The follow-

ing equivalents arc rough guides for uranium deposits to

qualify as ore bodies at prices of $25 to $30 per pound of

U_O,, assuming metallurgical viability:

(1) 0.05% U308 for 109 rock tons

(2) 0.1% U30 _ for 106 rock tons

(3) 0.15% U_O8 for l0 s rock tons

(4) 0.2% U30 _ for 104 rock tons

(5) 0.3% U30 s for 103 rock tons

These grades are not high compared to those required

for most other economic elements; the minimum repre-

sents a concentration ratio of only about two orders of

magnitude over the average crustal abundance levels for
different rocks.

During the first half of this century, the major types of

deposits discussed below were discovered more by system-

atic prospecting of large areas than by prospecting based

on the use of genetic models. In all cases the critcria of dis-

covery were anomalous levels of gamma radiation at the
surface or, much less frequently, the presence of uranium

minerals at the surface. Although many discoveries were

"blind" (drilling beneath barren outcrop to a discovery at

depth), all blind occurrences were downdip or along trends

from known mineralized outcrops. Therefore, very few

deposits in new areas or environments can be said to have

been found only by geological prediction. However, dis-

coveries of new geologic information were very common-
place, and many such discoveries were significant enough

to change the entire complexion of uranium geology and

search technology. One example is the discovery at Grants,
New Mexico, in 1951, that uranium in the Colorado Pla-
teau occurred outside the Uravan mineral belt. Another

discovery in 1951 1952 was that uranium occurred in for-
mations other than Jurassic Morrison sandstones, that is,

in Wyoming Tertiary sandstones. A third discovery at Lis-

bon Valley, Utah, in 1953 was that yellow oxidized ores

changed to black unoxidized ore at depth. This last phe-

nomenon had been predicted by Coffin ( 1921).

The three major types of uranium deposits discovered

through 1965 were veins, sandstone impregnations, and

quartz-pebble conglomerates. A fourth type, the large

"Rossing" low-grade replacement dissemination, was

brought into prominence after 1965. A fifth type, the large,

rich, "unconformity-related" deposit, was recognized in the

early 1970s; and a sixth type, the large, rich, "Roxby Downs"

breccia deposit, was discovered in the late 1970s.

Recently, Adams (1981) and Adams and Smith (1981)

described the geology and recognition criteria for six types

of uranium deposits including the conglomerates. Conven-
tional veins are not described, but a new class of uncon-

formity-related vein-like deposits is defined (the fifth type

listed above). Four subtypes of sandstone impregnations

are recognized: the Salt Wash type, roll-type in continental

sandstones, fluvial-shallow marine host-rock type, and

humate (plant-derived petroleum) type.

I. Veins. Vein deposits became the first classic and pre-

ferred type of deposit. In form and character veins are sim-
ilar to veins of other elements, but uranium veins seldom

occur in districts of other metal veins. The exceptions-

Joachimsthal, Czechoslovakia (the original vein dcposit

producing district); Eldorado, Canada; and Shinkolobwe,

Belgian Congo (Zaire) contained abundant silver, which

was mined first; discovery of uranium was made subse-

quently. These districts supplied the early limited market.

When demand was created during World War II, the ini-

tial search for geologically similar districts was unsuccess-
ful. These districts continue to bc unique. However, when

the simple pitchblendc vein type was discovered (Beaver-

lodge, Canada; Limousin, France; Urgeiria, Portugal;
Schwartzwalder, Colorado; Menzenschswand, West Ger-

many), it became a more common prototype. The differ-

ence appears to be a regional zoning of metals in which
uranium becomcs more abundant away from conventional

metal mining districts. Such veins have accountcd for about

5 percent of production.

A typical vein occupies a fault or fissure to produce a

planar body usually stccply inclined with respect to the

surface. Local directional changes in strike or dip fre-

quently cause linear, wider, and richer "shoots" that are

often preferred mining sites. The fluids that bring metals to

fractures to create veins remain unidentified but presum-

ably can be of any origin (magmatic, metamorphic, con-

hate, meteoric, etc.). Most likely the bulk of fluid, at least

at shallow depths, is meteoric. The sources of metallic
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ions are equally unknown and probably are multiple. The
fixation of ions into minerals is dominated by wallrock

replacement at depth, changing to mostly simple precipita-
tion at the surface. Chemical reduction by an unidentified

extrinsic or intrinsic agent is usually required. In terms of

remote sensing, veins intersect the surface as lines, as traces
of faults, or as extremely large-scale joints. Because of their

scale, they may be more easily recognizable in satellite

images than in aerial photographs.

Uraniferous-shatter stockworks (of which Copper

Mountain, Wyoming, is an approximate representative) are

a form of vein deposit. Rather than along one or a few

major persistent veins, mineralization has occurred along
all available fractures throughout a larger area than that

traversed by any single fracture. However, average grade
and total volume of mineralized ground are corrcspond-

ingly lower.

2. Sandstone impregnations-Uravan mineral belt

type. The classical sandstone impregnations were discov-

ered early in this century during the radium boom in sand-
stones of the Jurassic Morrison Formation of western

Colorado. Oxidized uranium minerals impregnated the pores

and replaced cement preferentially in the highest ("Third
Rim") of three sandstone units. These units with interven-

ing mudstones comprise the Salt Wash Member. These
sediments are fluvial, abounding in riverbed and flood-

plain depositional features including channels, crossbed-

ding, and interfingering sandstone-mudstone transitions.

They are rich in carbonized plant debris that "fixed" the

migratory uranium locally.

A peculiar, unresolved feature is that uranium deposits

occur only in restricted districts within the widespread,

uniform lithology of the Salt Wash Member. Most districts

are grouped within 30 mi of several laccolithic mountains.
The Uravan belt forms a 1- to 9-mi-wide band wrapped
around the south, east, north, and northwest sides of the

La Sal laccoliths at a distance of 27 to 30 mi (Figure 7-3).

Several districts are within this ring, closer to the moun-
tains, but the belt is not continuous. Rather, "trends" cross

the belt (like spokes) at intervals of 8 to 10 mi and contain

uranium deposits while intervening areas are barren.

Within districts, deposits tend to occupy the thickest

portions of sandstone beds. These are broad, filled river-

beds and display sinuous trends typical of stream channels

(e.g., Deremo Mine, Figure 7-4). However, in detail, the
channel fills are never uniform sandstone bodies but show

small-scale interfingering, anastomosing lenses of sand-

stone and mudstone, both rich in well-preserved carbon-

ized or silicified plant fragments.

Vanadium is the principal exotic element in these ore

impregnations, exceeding uranium by a factor of two to

four. There are several primary vanadium minerals, but

only two primary black uranium minerals-pitchblende and
coffinite. These oxidize to yellow carnotite, the hydrous

potassium uranyl vanadate.

Valuable vanadium-uranium impregnations occupy only

small portions of the sandstone lenses. In plan view, the
ore bodies are locally linear but, overall, form complex

networks resembling joint patterns (Figure 7-4). It is only

the groups of such networks, or the limits of the entire vol-

ume enclosing them, that illustrate the larger channel-fill

ore pattern. Actual ore bodies are separated, small, and

irregularly shaped. Large-scale underground or open-pit

mining never has been economically feasible, so the viable
extraction method has been the "dog hole," in which two

or three men follow the ore. These practices created under-

ground mine workings of highly irregular shape. The dis-
tribution, size, shape, and exact position of these small ore

bodies never have been predictable, and it has proved

impossible to calculate reserves in advance of develop-

ment. Yet persistently following some sand lens, mudstone

stringer, or fracture usually discloses another small ore body
that could sustain small, independent mining. Thus, the

Uravan belt has operated longer and more continuously

than any other district in the Colorado Plateau. Large-

company mining has never been feasible, but several (e.g.,
Union Carbide) have found it profit,able to maintain cus-

tom mills to support independent mines.

The most notable features of Uravan ore bodies are ore

"rolls," a long-established miner's term described by Shawe

(1956) (Figure 7-5). A roll is a "C"-shaped ore-waste

boundary oriented across the bedding with a downdip con-

vex shape. This "C" may bound a large irregular ore body,
or where the body is particularly small, both contacts may

be parallel to illustrate a "C"-shaped ore body with wings
lensing-out at the top and bottom of the sandstone bed.
Rolls are not a consistent feature, however. They are
believed to illustrate fronts of diffusion, advective trans-

port, and ore impregnation that migrate along the bed. The

Deremo cross-trend (Figure 7-4), including thc Deremo
Mine in the southern part of the mineral belt, is the only

trend to contain large ore bodies, spaced closely enough to

sustain large-scale mining operations.

Ore bodies arc contained within alteration halos consist-

ing dominantly of bleached sandstone (originally dull
hematitic red). Bleached rock commonly constitutes the

matrix of an entire district and may extend to other forma-

tions. A more local feature of the bleaching alteration is

the concentration of hematite introduced just outside the
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Figure 7-4. Plan view of the Deremo Mine, south end of the Uravan

mineral belt, showing the small size of individual stopes and the

complexity of Ihe workings (Thamm et al., 1981 )

zone of strongest bleaching (Figure 7-6). A more regional
feature of the alteration important to ore, for which both

syngenetic and epigenetic origins are still debated, is the
occurrence of reduced green (ferrous) mudstone (less so

sandstone) that forms a larger, outer-district matrix for the
bleached and hematitic rock. Those favoring a syngenetic

origin argue that still-preserved carbon prevented this dep-
ositional environment from ever becoming oxidized and

that the coloring pigments present were therefore never

hematitic. Epigeneticists emphasize the transgressive
boundaries between green and red rocks and the local dis-

tribution of green mudstone in most of these areas. They

claim that most of the original hematite in Colorado Pla-

teau red beds is detrital and derived by erosion from
iaterites.

In early years, genetic interpretation of Uravan ores was

about evenly divided between syngcnetic deposition with

(a) (dl

[bl (e)

(cl (f)

I
0 lm

ORE MUDSTONE SANDSTONE

Figure 7-5. Schematic cross sections for various shapes of uranium-

vanadium roll deposits (Shawe, 1956): (a) "C" roll; (b) "S" roll;

(c) socket roll; (d) two rolls separated by a thin layer of mudstone;

(e) mirror-image "C" rolls--convex loop of roll front; and (f) mirror-

image "C" rolls--concave loop o! roll front

the fluvial sandstones and epigenetic deposition from

telethermal fluids migrating along aquifers from feeder
centers (such as the laccoliths) or veins (such as the Cashin

copper-vanadium mineralized zone). Years of investiga-
tion have shown that the ores are epigenetic in their pres-

ent concentrated form, but the preponderance of opinion

favors syngenetic emplacement of uranium into the Salt
Wash Member or at least the Morrison Formation in the

tuff component of mudstone in the overlying Brushy Basin
Member. Uranium was thought to be liberated from

Brushy Basin rocks by groundwater and fixed below by
accumulations of carbon trash. Several problems exist for

this model. There is, for example, a low correlation in detail
between uranium and carbon. The uranium content of any

district far exceeds the amount present initially in the dis-
trict at reasonable abundance levels, and the means of fun-

neling fluids to deposition points rather than dispersing them

further throughout the aquifer are not evident.

The same features characterizing the Uravan belt depos-

its also characterize the uranium deposits found anywhere

in the Salt Wash Member: the small size, irregular shape,

and discontinuity within large clusters of deposits. These
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Deremo Mine, south end of the Uravan mineral belt (Thamm et al., 1981)

features probably, reflect the irregular sedimentary struc-

tures of the original host rock. Such structures change radi-

cally ovcr short distances yet constitute a lk_rmation-wide

characteristic.

3. Large conlinuous sandstone impregnations. In con-

trast to the Wravan or Salt Wash type of deposit, there is

really, only' one other type: the large, more continuously

mineralized deposit that is more regular and definable in

trend and more uniform in grade. This type is worthy of

large-scale underground or open-pit extraction and, once

recognized, quickly' becomes the province of largc mining

companies.

The first minor "giant" impregnation recognized was the

Monument 2 impregnation in Shinarump conglomerate at

the base of the Triassic Chinle Formation in Monument

Valley,. Arizona. Here also epigenetic, secondary, uranium

minerals (carnotitc with minor pitchblende)impregnated a

rivcr channel fill composed ot'conglomeratc. Carbon trash

was still a common occurrence in these deposits: in addi-

lion, copper and silvcr were found in locally economic

quantities. Large deposits were rare. although exploration

to lind others quickly identified a multitude o1" smaller

deposits. Large, reasonably straight, conglomerate chan-

nels in the otherwise medium-grained sandstone wcre bar-

ren, but small tortuous channels werc more prolific. A few

similar deposits (Happy' .lack, Pick Minc) proved to be

giants.

In about 1952, Sleen discovered a major primary pitch-

hlende ore deposit m the Moss Back sandstone, also at the
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base of the Chinle Formation at Lisbon Valley, Utah. This

discovery changed the nature of the uranium industry'. A

string of similar deposits, like beads, was quickly identified

around the faulted Lisbon Valley Anticline. None of these

could be said to occur in well-defined channels, although

such an interpretation was advanced by Steen (1953). The

ore accumulations appeared as massive impregnations

without "roll" boundaries or local control by mudstone-

sandstone geometry. The ore averaged 0.2 to 0.5 percent

U30 _with V:O_ to U_O_ ratios ranging from 0.07:1 to 3.34:1

(Johnson and Thordarson, 1966). In textural detail the ore

was a uniform impregnation. The distribution of uranium

was not controlled by carbon fragments, although much

plant material was present. This ore became a subtype
known as Moss Back ore. The deposits are strata-bound in
the basal sandstone member of the thick Chinle Mudstone

Formation. They are of different character than the Salt

Wash deposits even where the two ore types are nearly

superimposed stratigraphically one above the other, such

as at Dry Valley and East Mesa near Lisbon Valley. The

Lisbon Valley deposits were also considered to be derived

from mudstones in the Upper Chinle, which, as does the
Brushy Basin Member, contain a uranium-cnrichcd tuffa-

ceous component. Other models of ore derivation are as

follows: (l) Uranium was derived from the arkosic compo-
nent of the Moss Back conglomerates, and (2) uranium was

liberated from granitic source rocks in the Uncompagre

Uplift to the east and was transported surficially through

the channel system in Moss Back time. Regionally, the same

problem of ore localization exists in that only a small por-
tion of the uniformly favorable sandstone lithology is pro-

ductive. Factors that may indicate genesis are the altered

rock matrices, unusual accessory and trace element suites

(V, Cu, Ag, Co, Ni, REE), and relations to nearby intrusive

or subvolcanic centers, but these factors have yet to bc
included in models of ore occurrence. The addition of

juvenile emanations into the groundwater system, though

unpopular, has not been eliminated as a mineralization
mechanism.

Uranium was discovered in thc Poison Canyon Sand-

stone Tongue of the Brushy, Basin Member of the Morri-

son Formation at Grants, New Mexico, in 1951, following

the discovery of replacement pitchblende deposits in the

stratigraphically lower Todilto Limestone. Eventually ura-

nium was found in the sandstones of Westwater Canyon
Member and Cretaceous Dakota Sandstone. Although the

surficial deposits were too scattered and small for anything

other than small operation, the primary black ores in the

Westwater Canyon Member soon became the world's larg-

est and principal source. The ore was a uniform impregna-
tion of massive sandstone without c_ntrol by' local

depositional features or carbon trash (except in the Poison

Canyon and Dakota).

Ore apparently was fixed by humates that had flowed

in the aquifer much as liquid petroleum. Ore bodies were

of two types: (1) long, narrow trends extending for miles,

possibly parallel to the Jurassic stream channel direction,

that are rich in molybdenum sulfide and were considered

controlled by very subtle broad stream channels; and

(2) so-called "stacks" of deposits, obviously related to

transgre_ive faults, that lack molybdenum sulfide and were

considered redistributions of the former. The deposits of

this "humate" type eventually were found to occupy a belt

more than 75 mi long along the northeast flank of the Zuni

Uplift. This belt is still the world's greatest uranium
producer.

The ores are considered Jurassic in age and thus pene-
syngenetic by most workers. The uranium source is attrib-

uted to the tuff" component of the Brushy Basin Member,

and concentration is thought to have been caused by
diagenesis. However, the same problems of limited areal

distribution in a lithologically uniform matrix remain, which

suggest that uranium may have arrived at these sites already

concentrated to a significant degree. Also, Tertiary ura-

nium mineralization occurred along the eastern extension

of the belt in the Rio Grande graben: this suggests post-

Jurassic mineralization at Grants. Other interpretations
include fluvial derivation from the Jurassic landmass to the

south, magmatic hydrothermal fluids derived from the

nearby Mt. Taylor volcano (long defended by Kerr, 1958),

telethermal migration of magmatic fluids from more dis-

tant sources, and feeding into aquifers from deep sources

through diatremes without magmatic transport (Gabel-
man, 1956, 1977).

Further exploration of fluvial sandstones in other regions

resulted in the discovery of major districts in the Wyoming
basins and Texas Gulf Coast Province of Texas. The deposits

in the Wind River and Shirley Basins of Wyoming proved

to be giants second only to those of the Grants uranium

belt. These impregnations were the first significant deposits

discovered in Tertiary sandstones, thus removing restric-
tions on the possible ages of uranium concentration in

sandstones. The dominant form of the primary or unoxi-

dized ore zone beneath the water table in the Wyoming

deposits was recognized, when exposed by' mining, as that
of the "C'" roll in cross section (Harshman, 1974); but these

rolls were gigantic compared to those of the Uravan belt

and extended for miles as highly contorted "ribbons." These

have been interpreted to represent fronts between oxidiz-

ing and reducing conditions in fluids migrating through

aquifers (Figure 7-7).
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The Texas deposits proved smaller than those in Wyo-

ming. They are found in marginal marine as well as conti-
nental sandstones and exhibit roll features very, similar to

those in Wyoming. These deposits were found to be related
to the distribution of growth faults that characterize the

Gulf Coast. Some geologists interpret them to have devel-

oped from pressurized fluids rising along the faults to the

outcrop (Gabelman, 1977) and then descending through

aquifers to form uranium concentrations (Adams and Smith,

1981; Gabelman, 1977) (Figures 7-8 and 7-9).

4. Quartz-pebble conglomerates. The unexpected

occurrence of uranium in Proterozoic auriferous quartz-

pebble conglomerates of the South African Witwatersrand

was discovered by W. Bourret and G. Bain during the

Manhattan Project, before the recognition of large U.S.

sandstone deposits at Grants. These conglomerates sup-

plied the bulk of uranium for that project. The grade, though

remarkably uniform, is very low (<0.1 percent U_O_), and
uranium would not be economical if it were not for the

independent, economic viability of gold. This permits ura-

nium recovery as a by-product. The uranium and gold are

unusually persistent in conglomerate beds of equally

remarkable continuity. Based on continuity of the con-

glomerates, the uranium occurrences have been inter-

preted as fossil placers (Figure 7-10).

The significant production of these deposits stimulated

attempts to find others like them elsewhere. Direct com-

parison with South African deposits led F. Joubin to drill
successfully the Blind River, Ontario, Proterozoic quartz--

pebble conglomerates. These conglomerates lacked gold:

anomalous radioactivity of uranium-free outcrops was pre-

viously interpreted to result from thorium. Joubin demon-
strated that insoluble thorium was also absent and that the

radiation observed was due to uranium leached from the

surface (Griffith, 1967, p. 96). The Blind River (now Elliott
Lake) conglomerates are slightly richer than the Wit-

watersrand (averaging about 0.11 percent U_O_) and are

economically viable at higher uranium prices. The

conglomerates themselves are not as continuous as those of
the Witwatersrand, and the distribution of uranium proba-

bly originated as part of a paleodrainage system.
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Figure 7-8. Schematic cross sections showing the sequence of
events leading to the formation of uranium deposits related to lault-

derived H2S, south Texas. H2S introduction likely preceded and fol-
lowed roll-front formation but was not synchronous (Adams and
Smith, 1981).

Although Proterozoic quartz pebble conglomerates are

relatively common, only' three other localities in tile world

boast uraniferous conglomerates, and none has proved

economically significant. One is in Russia lind the other

two arc in Brazil (Jacobina is mined lbr gold: the Quadri-

latero Ferrifero has virtually no gold but does contain

uranium).

The genesis of quartz-pebble conglomerate deposits was

long debated. Placer syngenesis was suggested by strata-

binding, by the presence of refractory minerals such as zir-

con lind brannerile, and byr the rounded delrital appear-

ance of pyrite and pitchblende. Epigenesis was supported

by the secondary textures of pyrite, pitchblende, and gold,

These textures were attributed to remobilization by synge-

neticist_;. The preponderance of opinion has swung to a

placer origin. Among the serious problems attending this

interpretation is how pitchblende and pyrite, both readily'

oxidizable and soluble, escaped leaching during transport

since the Proterozoic Era. It is now hypothesized that a

global reducing atmosphere existed during the Proterozoic

Era, prior to the development of oxygen in the atmosphere

that occurred with the advent of plants.

5. High-temperature replacement disseminations. High-

temperature replacemenl deposits were long suspected to

comprise the logical intermediary between felsic intrusives

(granite or syenite) with higll thorium uranium abun-

dances and the moderate- to low-temperature uranium veins.

No very' large, economically significant deposit of this type

was identified until Rossing. South West Africa (Namibia),

was announced in the late [960s. Concentration of ura-

nium and thorium in such a deposit is an example of the

classical concentration of metals and volatiles in residual

fluids during magmatic differentiation. This fluid further

segregates and mineralizes rock through the well-known

deuteric, pegmatitic, and hydrothermal phases. The pro-

cess and products of mineralization are well exhibited in

++porphyry"' deposits of other metals such as copper.

molybdenunL tin, and tungsten. Rock alteration (clay',

chlorite, quartz, silica, secondary feldspars, biotite, etc.)

forms by replacement of crystallized rocks and walls of

l?actures. Metal deposition occurs when local conditions of

temperature and pressure cause the fluids to become satu-

rated. Fluid motion is inhibited when deposition destroys

permeability. The result is a texture of uniti+rmly distrib-

uted (but randomly scattcred) grains, first of metal oxides,

tbllowed by' metal sullides.

Several uranium deposits with high thorium conlent,

including Bancroft. Ontario, and Bokan Mr., Alaska, exhibit

transitional features from enriched magmatic rocks, peg-

matitcs, and veins and were candidates for "porphyrry" type

uranium deposits. However. this class of deposit did not

gain recognition until the Rossing type, long known for its

uranifcrous pcgmatites, was understood. The type is now

better known as the "alaskite" type than as a replacement

dissemination.
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Figure 7-9. Diagrammatic cross section showing the migration paths of fresh groundwater and fault-related H2S,

south Texas (modified from Baker, 1979)

6. Unconformity-related deposits. Deposits closely asso-

ciated with unconformities became established during the

1970s with the discovery of several very large, rich ura-

nium deposits in Proterozoic Athabasca Sandstone in Can-

ada and in the crystalline Archcan rocks in, mediately
beneath basal Proierozoic unconti)rmities in Canada and

Australia. in some, uranium impregnates regolith or brec-

cia. The me)st distinctive feature with genetic implications
is that grade seems to decrease with depth so that the bulk

of concentrated uranium is geometrically near the uncon-

li)rmity. Field experience suggests this feature also is com-

mon to many deposits exposed at the prcsent surfacc and

is the result of secondary supergene enrichment. Neverthe-

less, some of these deposits, particularly those in Australia.

extend to depths that seem improbable for supergene

enrichment. It is also possible that primary mineralization

occurred at the Earth's surface during a time interval rep-

rescnied by the unconl\_rmity.

Most of the deposits occur under some structural (l'ault)

control or at least occur in structurally prepared open

ground, so that the qualifier "'veinlikc'" is added by,rButlon

and Adams (1981) (Figures 7-11 and 7-12). Howevcr, few

are simple tabuhir veins. This class of" deposit is generally

thought to have resulted at a tinle of intense uranium

mineralization near the beginning of the Proterozoic tzra,

about 1.7 billion years ago.
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III. Remote Sensing in Uranium Exploration

Remote sensing broadly refers to the detection of any

physical parameter from a distance: its application to

mineral exploration involves the subsequent geological

interpretation of any parameter measured. A variety of

parameters has been measured from a distance in uranium

exploration, including gamma radiation, radon gas, mag-

netism, gravity, electromagnetic response, and photo-

graphic (visual) appearance of the surface.

Of these parameters, gamma radiation has been the most

used because uranium is one of only three abundant, natu-

rally radioactive elements (K, Th, and U). Gamma-ray

energy measurements (spectroscopy) differentiate these three

elements.

Black-and-white aerial photography has been the sec-

ond most significant remote sensing method. The use of

photographs has not led to the direct identilication of

uranium deposits, but so many deposits were found in

unmapped areas during early exploration eflbrts that a rapid

method of geological mapping was needed to portray the

setting of deposits. Later, color aerial photography became

widely used, especially atter the geometric relations and

significance of rock alteration halos and matrices bccame

apparent.

Generally, however, remote gcophysical and geochemi-

cal methods have not been highly useful. Their main use

has been over outcrops of uraniferous host formations. Since

uranium in sandstones is dominantly strata-bound, most
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geologists believed remote sensing methods were useless

for deposits buried in sedimentary rocks because of the lack

of noticeable migration across sedimentary formations.

Burial was also believed to effectively shield any other type

of deposit from detection. However, radon gas liberated

from uranium deposits easily seeps to the surface where it

can be readily measured, even from aircraft. So, from this

perspective, remote detection was taken seriously.

Barringer Research is investigating the feasibility of using
sensitive airborne and surface chemical methods to detect

other uranium-related ions, elements, or uranium itself that

might have migrated vertically to the surface through per-

haps thousands of feet of cover. This commercial group is

also investigating the use of so-called laser-sounding tech-

niques from aircraft to stimulate directly visible fluores-

cence in uranium-bearing minerals exposed at the Earth's

surface. The U.S. Geological Survey (Watson and Theisen,
1977) has investigated solar-stimulated fluorescence of
uranium minerals.

Effectively then, gamma-ray and radon emanations are

the only physical parameters derivable from remote obser-

vations that are well-established for direct recognition of

uranium deposits. Both of these have been highly devel-

oped specifically for uranium detection, and each is attended

by an enormous literature. Review of these applications is

considered beyond the scope of this section. Here we address

the previous applications of spectral reflectance-like mea-

surements from satellites to uranium exploration.

A. Case Histories

Twelve studies utilizing satellite remote sensing and

focusing on uranium problems are summarized here. The

majority used distinctive spectral properties of limonite and

hematite for mapping altered ground associated with ura-
nium occurrences in sandstone. Others employed statistical

classification schcmes combining geologic, structural, geo-

chemical, geophysical, and Landsal MSS data in a search
for correlations between such data and the distribution of

uranium.

1. Mapping of alterations using satellite images. Salmon

and Pillars (1975) studied iron-oxide alteration accompa-

nying roll-type uranium deposits in Wind River Basin,

Wyoming. These deposits have bleached alteration tongues,

stained locally by limonite, that extend into unaltered, drab

gray' green sandstone. The ore bodies occur at the inter-
face between altered and unaltered rocks and typically are

crescent shaped (hence, "C" roll). Laboratory' reflectances

of 20 representative field samples from throughout the basin
wcre used to construct spectral signatures for Landsat MSS

bands. A relationship was established between response-

weighted reflectances for bands 4 and 5 and Munsell hues

of the field specimens. Empirically, the best correlation
existed between the reflectance in band 4 (0.5 to 0.6) and

Munsell hue (i.e., distinctions between red, yellow, and

white).

The ratio of Landsat MSS band 5 to band 4 (5/4) pro-

duced good separations between red and yellow (or tan)

and green to white rocks but could not discriminate between

samples of yellow and tan, geologically important color

distinctions that the eye perceives with ease. Improved dis-

crimination between important colors was considered pos-

sible using the Landsat MSS ratio 7/6. Analog-level slicing

of the Landsat MSS image for Wind River Basin success-

fully delineated areas of Triassic red beds but could not

separate areas of limonitic stain. It was suggested that 5/4

ratios might be applicable in the Powder River Basin, where
hematitic alteration is the pervasive updip coloration asso-

ciated with roll-type uranium deposits.

Spirakis and Condit (1975) studied alteration halos in
the Triassic Chinle Formation near Cameron, Arizona.

Limonite, jarosite, gypsum, and alunite found in alteration

halos produce an overall buff-yellow pigmentation that

contrasts with the typical light purple to gray of this forma-
tion. These colors are used as a guide to ore but are not

.always indicative of uranium-related alteration. Landsat
MSS data were processed to produce simulated natural-color

images in which most rock units appeared as they do in the

field. Spatial filters were applied to aid identification of

structural features. The methods used did not distinguish

altered ground in the images. The second method used
Landsat MSS band-ratios 5/4, 6/4, and 7/4. Spectral-band

cluster analysis was used to identify' optimum enhance-
ments of contrast to make altered rock more recognizable.

The process accentuated altered areas within the Chinle
Formation together with other nonaltered blue-gray mud-
stone units. In fact, reflectance differences between units

were significant and seemingly sufficient to separate altered
from unaltered Chinle rocks with additional processing.

Offield (1976) used Landsat MSS data to map iron dis-
coloration related to uranium occurrences in the Eocene

Battle Spring Formation at Crooks Gap in south-central

Wyoming. Ore occurs in rolls that are associated with

tongues of reddish sandstone rich in iron-oxide pigment.
No uranium has been found in unaltered (drab white to

tan) sandstones in this area. Areas of red altered sandstone

were distinguishable in the images from unaltered sand-

stones using the Landsat MSS band-ratio 4/5.
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Vincent (1977) searched for Landsat MSS-equivalent

signatures of oxidized topsoil found on weathered ura-

nium deposits in arkosic sandstone. An artificial spectral

signature (a so-called discriminating reflectancc function)

thought to be representative of such deposits was derived.

This involved using the weighted reflectances of iron oxides,

grass, and unaltered arkose in typical deposits. The ratio of

this artificial function to the signatures from normal Trias-
sic red beds enhanced the differences between these and

unmineralizcd red rocks. This technique proved superior

to other methods, such as simple color ratio composites,

for recognizing altered red sandstones.

Kober and Proctor-Gregg (1977) examined Landsat MSS
data from 50 known uranium occurrences in the western

United States. Images were analyzed with an analog-hybrid

video-processing system. The brightness distributions in the
four Landsat MSS bands were determined for alteration

halos around the known occurrences. These brightnesses

define a spectral signaturc in the Landsat bands. To isolate

the signature, the logarithms of the actual brightness levels

were plotted versus the cumulative probability of bright-

ness (Beta transform) for normal rocks. The signatures then

were used as discriminants in displaying the Landsat

MSS images. Kober and Proctor-Gregg (1977, p. 83) found
that

... the discriminants are highly individualistic and

only locally valid. At least at the dimensionality of [the]

study (bandwidth, resolution, scale), it is not possible

to gencrate a signature specification and then expect it

to be generally valid for recognition of alteration. Thc
value of the results ... may cxtend known ore bodies.

Marts et al. (1973) used color compositc Landsat MSS

images covering 10,000 km _' of the Powder River Basin,

Wyoming, in a search for uraniferous-altered areas. Orange

and red ground could be distinguished only with consider-

able ditficulty. Such colored areas were identified in a

N-S-trending belt about 15 km wide and 65 km long that

included the Pumpkin Buttes uranium district. Compari-

sons with field maps showed that thesc outcrops at the north

end of the area are more widely distributed than apparent
from the color composite images; the mapped belt of"

coloration trends southeast and diverges markedly from the

pattern delineated on the color composite. In the northern

part, mixed results were obtained by matching areas

appearing altered on the color composite images with ura-
nium occurrences. The dilficulties have been attributed to

the way soil and vegctation mask intrinsically weak altera-
tion effects and to the fact that other red rocks that are

unrelated to altered ground are mapped on the image.

Raines et al. (1978) used computer-enhanced Landsat

MSS images of the southern Powder River Basin, Wyo-

ming, to define facies and linear structural features within
the Wasatch Formation that could be related to the occur-

rences of uranium. The facies distribution is separable at

the surface because vegetation density and types (sage and

grass) are controlled by the local substrate. These indica-

tions of surface facies were confirmed in the subsurface by

determining sandstone/mudstone ratios in exploration drill

holcs. The newly defined geologic features are spatially
related to known uranium mineral occurrences and are

believed connected to uranium mineralization in three ways.

First, major uranium occurrences are almost completely

restricted to facies of the Wasatch of intermediate grain

size. This facies probably marks the axial zone of the depo-

sitional basin. Second, the axial zone marks the boundary

between domains containing structural lineaments of dif-

fering orientation. The structural details influenced the flu-

vial pattern and sedimentation and, hence, the flow of

uranium-bearing groundwater. Third, the current basin axis

is marked by a recently active fault that appears to have a

relation to both groundwater chemistry and the distribu-

tion of relatively modern sandstone. The mapping of altered

ground was attempted using color ratio composite images

(4/5, 5/6, 6/'7). Limonitic clinker beds resulting from coal
fires were the only limonitic materials separable; vegeta-
tion obscured limonitic altered rock associated with most

uranium occurrences.

Levinson et al. (1979) employed a video image analysis

system to map hematite-pigmented (altered) sandstone in

the Pumpkin Buttes uranium area. There, altered sand-
stone is masked by soil and by vegetation cover. The Landsat

MSS ratio 7/4 proved to be most efficient for discriminat-

ing obscured altered outcrops. The ratio 5,,/4 was useful

where vegetation cover was minimal. Alteration maps pre-

pared from images wcre compared with alteration maps

constructed by field mapping. Fifty-two percent of the areas

depicted as anomalous on the Landsat MSS images corre-

sponded to areas mapped as "sandstone" in the lield, units
that contain uranium concentrations. Many of these mis-

matches resulted from geometric distortions of the image

data and from failure to resolve small outcrops m the video-

processed Landsat composite, since video processing gcn-

erally degraded the spatial resolution to 150 m. A similar

analysis was made with video-processed, color aerial pho-

tography, which was of high spatial but poorer spectral res-

olution. Sixty percent of the areas mapped as altered
sandstone in the field corresponded to altered areas mapped

from photographs. The original field mapping accounted

only for sandstonc units within areas of rcd (altered) sand-
stone as mapped by Sharp and Gibbons (1964). The acrial
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photographic survey extended the number of outcrops of
known "uranium-altered" red sandstone by 18 percent.

2. Other spectral, textural, and structural studies. In an

interesting use of integrated geophysical and Landsat MSS
data in desert terrain, Missallati et al. (1977) applied a step-
wise linear discriminant function method to Landsat MSS,

geologic, radiometric, and magnetic data over an area of

uranium-bearing crystalline rocks in southeastern Libya.

The region of interest was sampled areally by means of a

Landsat-based grid at the dimensions of 6 by 8 pixels.
Within each such cell, the values of variables (up to 43) in

the analysis were determined, including the following:

(1) Areal percentage of different lithologies including
Precambrian metasediments, two Paleozoic granites

and one rhyolite, Paleozoic sandstone, Tertiary
sandstone and basalt, minor pegmatites and quartz

veins (8 variables).

(2) Lengths of geologic contacts between the eight pos-

sible lithologic units (22 variables).

(3) A distance from celt center to any major structural

feature ( 1 variable).

(4) Aeroradiometric and aeromagnetic values measured

at cell centers (2 variables).

(5) Landsat MSS digital raw values (4 variables)
and band ratios (6 variables) averaged over cell
dimensions.

Before discriminant analysis, geologic and other vari-

ables obtained by grid sampling were analyzed statistically
and transformed to normal distributions using arc sinc,

square root, or logarithmic transformations. A study of the
correlation matrix (two-variable) showed low (negative) or

moderate (positive) correlation between the Landsat MSS

and geologic variables; the aeroradiometric data were pos-

itively correlated with Landsat MSS bands (0.79 to 0.90);

the aeromagnetic data positively correlated with band 7
(0.67); the radiometric and magnetic data positively corre-

lated with each other (0.66).

Discriminant functions were constructed based on all

geographic cells in the study area. Two groups were estab-
lished from the aeroradiometric data as either anoma-

lous (> 1200 counts per second lops]) or nonanomalous

(< 1200 cps). These functions, constructed to include

geologic, geophysical, and MSS data, were then used to
reclassify the study area regardless of the initial classifica-

tion provided by radiomctric data. New areas reclassified

as anomalous were discovered by this procedure. The prin-

cipal advantage gained by adding MSS data to the dis-
criminant functions was the improved classification accuracy

for nonanomalous terrain. The most important variables in

the analysis were contact relationships between geologic
units. The main contribution of MSS data emerged as the

brightness of band 6 and the ratio of bands 7/4. The

main contribution of geophysical data was aeromagnetic

intensity.

A simple interpretation of these results is obtained by

comparing the geologic map with a map of areas favorable

for exploration. This shows that the discriminant tech-

nique outlined regions of Ordovician-age rhyolite within

which the originally defined subareas of anomalous radio-

activity were contained.

It would be interesting as a further exercise to first base

development of the discriminant functions on training areas
of limited size, picked on the basis of local aeroradiometric

data but including only geologic variables, and second to

reclassify the remaining regions excluding the geophysical

data. The Landsat MSS and geologic variables thus could

guide classification of the latter regions without support o1"
the geophysical data. The results could be expected to be
similar because (1) the anomalous areas reside in rhyolitic

terrains, important variables in the discriminant functions,

and (2) the radiometric data are not important variables in
this function.

Conel et al. (1978, 1980) studied rellectance properties

of altered sandstone within tabular uranium occurrences
in the Morrison Formation, Utah, and associated with roll-

type deposits in the Wasatch Formation, Powder River

Basin, Wyoming. They used a high spectral resolution por-
table field reflectance spectrometer operating in the spec-

tral region 0.45 to 2.5 /_m to obtain spectra of outcrops.
Alteration minerals at the Utah site consisted of poorly

crystallized hydrated oxides oi" iron ("limonite"). Altera-

tion minerals within the Wyoming deposits were charac-

terized spectrally and mineralogically as goethite and

hematite. Collections of spectral reflectance curves were

analyzed using discriminant analysis. This yielded the defi-

nition of spectral bands useful for distinguishing such
alteration minerals from other hydrothermal alteration

products commonly associated with base-metal deposits and
iron-oxidized volcanic, batholithic, and sedimentary rocks.

For the suites of rocks studied (pooled collection of 586

spectra), the NS-001 Landsat 4 'rhematic Mapper Simula-

tor (6 channel) always provided superior discrimination to
the Landsat MSS. The overall best classification by dis-

criminant functions (95 percent) was provided by a hypo-

thetical scanner system employing 30 equal spectral bands
(0.05 /_m) between 0.4 and 2.5 /ira, excluding regions of

atmospheric water-vapor absorption. Bands of this width
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permit classification according to the clay type present,

principally montmorillonite versus kaolinite. The first five

bands chosen (1.25, 0.95, 2.20, 2.15, and 2.05 #m) allowed

separation of unaltered, uranium-altered, and hydro-

thermally altered groups with 93 percent correct classitica-

tion. These bands are outside the visible range, and only

one measures reflectance related to the alteration (iron

oxides) present. The classification, instead, centered mainly

on the spectral distinction of the clay type present. The
inclusion of other bands (up to I 1) increased the success of

classification to 95 percent. Some general notions about

spectral classification emerged: First, the choice of the few-

est variables for any given rock (or vegetation) discrimina-

tion problem usually is unknown beforehand; thus, the

design of a scanner optimized for all geological (or geobo-

tanical) applications based on a minimum number of widely

spaced bands would be difficult, Second, the system that

classifies rocks the best generally is that scanner system

employing the most channels with the narrowest bands.

Physically, this means the best separations can be achieved

by employing the most information, short of statistically

overfitting the data. The Landsat !, 2, 3 MSS and Landsat 4

Thematic Mapper (TM) systems in this sense are inferior

to spectrometer-like systems with large numbers of chan-

nels, although the utility of Landsat 4 TM is greatly

improved over that of the earlier Landsat MSS system

by including near-infrared channels, specifically 1.6 and
2.2 _m.

fractured granite, the poor correlation obtained was attrib-

uted to the poor spatial resolution of Landsat MSS images.

For uranium deposits in general, no type of texture specific

to such deposits resolvable at the scale of the satellite data

was found. Discrimination is poor because of scene varia-

bility and system resolution.

Data classification schemes designed to highlight areas

of potential uranium mineralization in the Montrose,

Colorado, 1° by 2° quadrangle, were reported by Bolivar

et al. (198[). The data sets employed included hydro-

geochemical and stream sediment analyses for 23 ele-

ments, U/Th ratios, airborne geophysical survey data,

location of 90 uranium occurrences, geologic maps, and

Landsat MSS data displayed as raw bands and adjusted

for atmospheric effects. A good correlation between ura-

nium abundance in water and outcrops of the black Man-

cos Shale was reported. A factor analysis was made of all

data sets. The MSS raw band data are all highly correlated
with themselves (0.82 to 0.98) but are uncorrelated with all

other data sets used. This result might have been antici-

pated since the MSS data are predominantly measures of

the reflectance of vegetation, soil, and rock outcrops. The

chemical data refer to point measures of stream sediments

and water, and the radiometric and magnetic data to min-

eral and elemental species. None of these are directly

responsible for the reflectance properties of rocks and

vegetation.

The field data were used to construct canonical variates

for Landsat MSS bands. A Landsat 1 image of the San
Rafael Swell was transformed to recover the uraniferous-

altered training areas. The procedure was unsuccessful
because the differences in reflectance in the Landsat MSS

bands poorly discriminate such rock alteration and because

the outcrops sought were below the size of system resolu-
tion (80 m).

Earth Satellite Corporation (1979) made an extensive

study of the textural properties of Landsat MSS data and

sought to correlate texture with the distribution of ura-

nium deposits in the United States, including the Copper

Mountain District, Wyoming. Texture in images refers to

the spatial distribution of gray levels: Coarse texture is

characterized by slow change over many pixels and fine

texture by rapid change. In general, the analysis of texture

was found to be improved if principal component images
were analyzed. For Copper Mountain, texture measures

were prepared from band 5 and band 7 data bases. Edge
enhancement (high-pass filtering) on band 5 provided the

"least negative" result. A tenuous relationship was reported
between east-west lineaments and uranium areas. Since

the uranium deposits at Copper Mountain occur in intensely

B. Summary

The investigations described here employed the Landsat

MSS system (4 bands, 0.4 to 1.1/Lm) to search for an iron-

oxide or limonite spectral signature characterizing ura-

nium alteration to separate this signature from those of"

uninteresting rock types. The Landsat MSS ratios 4/5, 4/6,
5/6, and 6/7 were generally found useful for this purpose.

Successful applications were possible where physical

dimensions of altered outcrops exceeded by many times

the spatial resolution of the Landsat MSS data (i.e., 80 m).

Integrating geophysical and geochemical data with MSS

image data and using MSS data for structural studies related
to uranium distribution have yielded mixed results. The

most successful approach used discriminant functions to
classify likely occurrences of uranium. Geologically, these
results increased the number of known anomalous areas

contained within rhyolitic terrain to include additional

outcrops of rhyolite.

Studies seeking a relationship between image texture and

uranium distribution generally were not successful. For

Copper Mountain, this approach suffered mainly from the
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poor spatial resolution of MSS images compared to the
structural controls that govern distribution of uranium at
that site.

The discrimination of uranium-related alteration via sat-

ellite data could be improved with (1) sensors utilizing

spectral bands extending out to 2.5/_m, (2) increased spa-

tial resolution to scales on the order of 10 as opposed to

100 m, and (3) systematic analyses of the influence of vege-

tation, soil cover, or other alien components on alteration
reflectance.

IV. Geologic Overview of Test Sites

This section summarizes the geology of the uranium test

sites and reviews attributes of the genetic models that may

be observable at each site using aircraft multispectral scan-
ner data.

A. Lisbon Valley District

The Lisbon Valley District (Figure 7-2) in San Juan
County, Utah, in thc east-central part of the Colorado

Plateau, is the site of Steen's 1952 discovery of giant-sized

"black" primary uranium ore in sandstone. This discovery

revolutionized the uranium industry and for the first time

brought major mining companies into the national crash

exploration effort to supply the United States with an atomic

wcapons stockpile. In addition to its historic significance,

the district is unique among the major producers for its

variety of geologic features and the extent of their surface

expression.

The Lisbon Valley District encompasses a NW-trcnding,

elongated anticline on the southwest flank of the larger
Gypsum Valley diapiric salt anticline. The Lisbon Valley

fold has been faulted longitudinally along its axis, placing

Cretaceous-age Dakota Sandstone in juxtaposition with the

Permian-age Cutler Formation. The raised southwestern

portion of the fold constitutes a structural and strati-

graphic block that comprises the uranium district. Within
the block, formations from Pennsylvanian through Jurassic

age are exposed in a curved, SW-dipping hogback series
terminated along the Lisbon Valley Fault.

Deeper in the anticline are accumulations of oil and gas

occupying distinct Mississippian, Devonian, and Pennsyl-

vanian reservoirs, together with a wide distribution of non-

producing but still petroliferous rocks. The rcscrvoirs

probably havc bccn faulted, and the nonproducing and

pctroliferous source zones fractured and deformed by salt

flowage in the anticline. Petroleum from many of thesc more
extended sources may, have leaked to higher stratigraphic

intervals, possibly even to the surface, along fractures.

The distribution of probable source rocks is shown in

Figure 7-13.

Uranium was first discovered during the pre-World War I

radium boom in the Big Buck sandstone bed of the Cutler

Formation near the valley bottom, but these oxidized

deposits proved erratic in grade, scattered in distribution,

and uneconomic. By drilling downdip from the outcrop to

determine if larger concentrations occurred at depth in the

Big Buck horizon, Steen accidentally discovered the largest

ore body then known in the stratigraphically higher Moss

Back conglomerate at the base of the Triassic, a horizon
not then known to be uraniferous. The deposit also con-

tained black unoxidized pitchblende (UO2), rather than oxi-

dized carnotite [K_(UO2):(VQ) :. 3H20 ], which previously

typified all the known uranium ores in sandstone. Thus, the

distinction between primary and secondary ores was gener-

ated and has become a cornerstone of uranium geology. The

legendary staking and drilling boom that followed disclosed

a necklace-like string of ore body "beads" in the Moss Back

within a limited elevation zone. Lithologic controls, such as

porous sandstone units, are vague for the ahgnment or shape
of ore bodies. Within a short time a variety of generic inter-

pretations arose, including the following three:

(1) Localization of uranium in poorly defined paleo-

stream channels adjacent to indigenous organic trash

accumulations (Steen, 1953); the proposed source

rocks were tuff components in the Moss Back or

overlying Upper Chinle sediments.

(2) A fossil oxidized hydrocarbon (dead oil) accumula-

tion (Wood, 1968) that selectively fixed subsequently

migrating uranium; this interpretation is favored by

a locally high asphaltite content in the ore.

(3) Ore fluids rising from depth, mineralizing the Moss
Back horizon and bleaching iron from the Wingate

Sandstone at least 800 ft stratigraphically above the

ore horizon (Gabelman and Boyer, 1958): the genetic

problems were not resolved as the district developed

and as potash beds and oil accumulations were dis-

covered in deep horizons beneath the uranium.

The district has never ceased to be a significant pro-

ducer, and Atlas Minerals Corporation has effected a con-

solidation to nearly single controllership. The continued

significance of the district as a producer, the variety of
resources and geological features, and the excellent expo-

sures of color-contrasting rocks make this district very

favorable for a test of remote sensing and interpretation

techniques. The Lisbon Valley District was selected as a
Geosat test site because the above characteristics offer clear

examples for both geologic mapping and the study of ura-

nium geology.
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The distribution of Wingate Sandstone alteration

(bleaching) offers an important problem for remote sens-

ing studies. Loring (1958) pointed out the areal correlation

between sandstone bleaching and Moss Back uranium dis-

tribution in the Big Indian District. Gabelman and Boyer

(1958) conjectured that bleaching represented a strati-

graphically transgressive alteration event linked geneti-

caUy to ore deposition. The spatial distribution of bleaching

has not been mapped anywhere in the anticline. This dis-

tribution is of obvious importance in any discussion of ori-

gin for the alteration or its connections with ore deposition.

Bleached and unbleached rocks can be separated based

on a number of spectral and geomorphic criteria. For

example, bleached sandstones are characterized by the

absence of red hematite pigment, presence of minor amounts
of kaolinite, and absence of calcite cement. Unaltered
sandstones are stained red and contain calcite cement but

little or no clay. Bleached strata are friable and form

rounded outcrops that support an extensive cover of piflon

and juniper. Unbleached sandstones are resistant, display

good jointing, and are relatively poorly vegetated. Con-

trasts in iron pigmentation and vegetation cover are sur-

face characteristics especially amenable to analyses using

multispectral scanner data. Carbonates and clay minerals

have distinctive absorption bands as well, but these tend to
be washed out by the presence of iron-oxide pigments or

vegetation.

B. Copper Mountain District

The Copper Mountain District is on the north margin of

the early Tertiary Wind River sedimentary basin, Fremont

County, Wyoming (Figure 7-2). The basin margin is marked

by an east-trending complex zone of faults along which the

curving Owl Creek Mountains arch was thrust toward the

basin during its uplift and along which basin subsi-

dence later was intensified. At Copper Mountain the Pre-

cambrian granites have been cut by normal faults. These

rocks are covered by an onlapping sequence of conglomer-

ates, sandstones, and mudstones comprising the Eocene

Wagon Bed (Teepee Trail) and Wind River Formations.
The district is named for copper occurrences in the Pre-
cambrian rocks.

Long after uranium was discovered in the Eocene Wind
River Formation in the Gas Hills (in 1952) some 50 km (30

mi) south in the basin, uranium (autunite) was encoun-

tered in about 1956 in a granite boulder and cobble rego-

lith comprising the base of the Wagon Bed Formation at

Copper Mountain (Arrowhead Mine). This deposit was one

of the first discovered in basal sediments directly overlying

granite, and it represented a new depositional and explora-

tion environment. The granitic rocks were suspected as a

source for uranium incorporated syngenetically in the con-

glomerates and concentrated by both syngenetic and

diagenetic processes. Additional accumulations could also

be attributed to downward percolation of uranium from

volcanic tuffaceous rocks (now missing) higher in the Ter-

tiary section. The predominance of autunite (uranium

phosphate), compared to uranium vanadates and carbon-

ates in the Gas Hills, favored the granitic source and also
suggested that autunite concentrations were oxidized accu-

mulations from pitchblende veins in the granite. The genetic

controversy was whether uranium concentrations would

extend significantly down into the granite as veins or stock-

works or would be confined to the superjacent sediments.

This controversy had major economic consequences.

Surface radiometric prospecting soon disclosed autunite

concentrations higher in the Wagon Bed (Teepee Trail)

Formation in carbonaceous siltstone (Rex deposit) as well

as some associated with asphaltite in stockworks deeper in

the granite (Gem deposit).

The distinction among products resulting from reducing

environments, sedimentation, epigenetic primary rock

alteration, and supergene oxidation/weathering strongly

influenced exploration of the Copper Mountain District.

The trend in early interpretation was to consider minerali-

zation in all occurrences as supergenetic. A colorfully

anomalous zone of oxidized granitic rocks generally con-
fined to a partly exposed pediment surface was recognized

and interpreted in terms of the supergene model. This zone

was considered a residual weathering product (Yeilich

et al., 1978) that accompanied the leaching uranium from

the granite and thus was considered of speculative though

conceptually well-defined genetic significance for the ura-

nium accumulations. Exploration following the model of
lateral and downward secretion from the weathering zone

was successful and led to discoveries in fracture works along

altered fault zones at depth. The Canning Ranch and Fuller

resourccs were thereby discovered. Deep drilling in the fault

zones disclosed unoxidized sooty pitchblende along frac-

tures at depth, polymerized hydrocarbon precipitant, and

an associated red earthy hematite, which was interpreted

as resulting from reactions invoh, ing pyrite during the pre-
cipitation of uranium.

In addition to near-surface oxidation (weathering) of dark

minerals and the association of earthy hematite with ore at

depth, the host and the source granitic rock displayed prop-

ylitic alteration, which might be linked to previous miner-

alization episodes. Propylitic alteration is recognized
specifically at depth in the uranium accumulations. The
distribution of such alteration at the surface is unknown
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and constitutes a problem for future study. Any propylit-

ized rock near the surface has possibly undergone weather-

ing, so the geologic/remote sensing problem would be to

recognize and separate such altered zones in the presence

of a masking weathering alteration.

The Copper Mountain District was selected as a test area

providing good problems for both geologic mapping and

uranium exploration using remote sensing methods for the

following reasons:

(1) A suspected zone of supcrgene and propylitic rock
alteration at the surface was correlated with the

presence of uranium mineralization at depth.

(2) There were excellent exposures of Tertiary and Qua-

ternary sediments and Precambrian granites.

(3) An intensive Department of Energy/Rocky Moun-

tain Energy (DOE/RME) program existed and was
focused on the study of uranium district "halos" using

geochemical and geophysical surveys (Bramlett et al.,
1979, 1980).

(4) The area was under the single controllership of RM E,

thus permitting access to property and to proprietary

information about the deposits and geology of the
test site.

V. Summary of Test Site Results

A. Nature and Utilization of Remote Sensing
Information

The aircraft and satellite multispectral scanners, in addi-

tion to conventional aerial photographs, provided the prin-

cipal data sets utilized in this study (Table 7-3). These

instruments record essentially broadband solar radiance that

either is reflected by the Earth's surface, mainly in the

spectral region 0.4 to 4.0 gin, or is absorbed by the surface

and re-emitted as thermal radiation, principally in the

spectral region 8 to 14 #m. The measurements contain, in

addition to the wanted surface signal, important atmo-

spheric absorption and scattering effects that must be

removed before quantitative interpretation of the data.

Two methods of interpretation are possible: (1) as sur-

face spectral reflectance or emittance, or (2) photogeologi-

cally, as images. The first method requires calibration of

the radiance using ground observations of reflectance or

emittance to remove scattering effects introduced by the

atmosphere. The second method can be advantageously used
with or without these calibrations.

Ultimately, the images and/or spectral observations are

used to infer the stratigraphic, structural, and geomorphic

relations in the test sites together with the distributions of

possible uranium-related alteration, alluvium, colluvium,

eolian deposits, soils and vegetation, or mixtures of these.

All such discrimination (or identification) exercises use

digital image processing methodology to separate and cor-

relate surface cover types. The images are commonly pre-

sented as band composite, band-ratio composite, and

principal component, or canonical transform (linear band

combination) renditions. All such methods exploit the

reflectance properties of surfaces to achieve desired sepa-

rations, using either specific absorptions (band ratios) or

more generalized descriptions of the entire spectrum (prin-

cipal component).

Table 7..3. Data sets acquired for the uranium test case program

Sensor
No. Channels Areal

Wavelengths UtiLized Resolution, m

Photography Color, color IR I

24-channel, p.m 0.34 4.0 a 14 7

M2S I I-channel, >m 0.38 -1.06, 8.05 13.7 _ 10 15

NS-00L, ,urn 0.45-2.35, 10.4-12.5 _ 7 15

Landsat MSS,/tm 0.4 1.P 4 80

X-band, cm 2.8 20

t.-band (Seasat), cm 23.5 25

Site b

Lisbon Valley Copper Mountain

A A

A NA

N A

A A

A A

N NA

N N

_See Technical Appendix, Section I4, tbr specific band assignments.

hA Data sets analyzed in detail for this study.

NA Data not acquired at the site.

N Data sets acquired at the site but not analyzed in this study.
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Inferences regarding the relation between supposed sur-

face-exposed rock alteration and uranium mineralization

at depth are possible through so-called exploration models.

Considerable effort in field observations and photogeo-

logic interpretation of the images and aerial photographs

has been devoted to establishing for the uranium test sites

plausible remote sensing exploration models where none

existed before. The problems involved proved to be very

difficult: The remote sensing approach forces a reinterpre-

tation of all of the conventional arguments concerning

genesis of the uranium deposits in terms of effects observ-
able at the surface. This useful reevaluation has led to new

geologic insights for both test sites and is one of the most

useful functions of the remote sensing approach. This sec-

tion summarizes the geologic and remote sensing results

for the uranium test site investigations.

For further discussion of the physical basis of the remote

sensing method and detailed comparisons of sensors, refer

to the Petroleum Commodity Report (Section 10) and to

the test site reports 'Section 8, especially the Appendixes,
and Section 9).

B. Lisbon Valley

The Geosat uramum test site at Lisbon Valley repre-

sented a unique opportunity to apply remote sensing tech-

niques to a major sandstone uranium district. The structural

setting, lithologic diversity, presence of mappable altera-

tion, and generally good rock exposures enhanced these

investigations and provided excellent cases for application

of the methods. Aircraft multispectral scanner images have

been used to map, for the first time, the distribution of
altered rocks in the area. These distributions have been

related spatially to the distribution of uranium ore bodies

and to oil and gas accumulations or petroleum source rocks
in the subsurface.

At Lisbon Valley the principal geologic feature of inter-

est was the differential bleaching of Wingate Sandstone.
The distribution of bleached and unbleached rock over most

outcrops on the southwest limb was first mapped using

stereoscopic color aerial photographs. Six informal facies
of the formation were identified. These consist of bleached,

unbleached, and partially bleached strata, together with

possible photogeologically inseparable (but intertonguing)
layers of Wingate and the overlying Kayenta Formation.

Such photogeologic interpretations, in which the rock sur-

face can be assigned definite lithologic characteristics,

formed the basis for subsequcnt interpretation of the image
data.

Bendix 24-channel aircraft scanner images were used to

obtain the distribution of bleaching throughout the Big

Indian District. Specific canonical transforms were pre-

pared from 10 channels of data (0.46 to 2.36 tzm) opti-

mized to separate bleached and unbleached units. Six units

were identified in these images over the Wingate outcrops.

These units correspond only in part to those derived from

the aerial photographic interpretation. The geological sig-

nificance of some of the image units (those not identifiable

in the photointerpretation) is unclear. These may represent

(1) new unrecognized patterns of alteration that crosscut

stratigraphic horizons, (2) mixtures of cover types spatially
unresolvable in the scanner data, or (3) artifacts in the image

color patterns from the particular contrast stretches

employed. Stereoscopic coverage in the image data would

have significantly aided further stratigraphic and structural

interpretation.

The NS-001 Thematic Mapper Simulator data were used

to prepare principal component transforms and color ratio
composites of the entire Lisbon Valley test site. Separation

of bleached and unbleached Wingate Sandstone could be

obtained using both of these image processing techniques.

In addition, all of the major formations and many subunits

were mapped, on the basis of both topographic relations

and differences in spectral reflectance properties. A major

unconlbrmity separating Paleozoic and Mesozoic strata was

represented. The Lisbon Valley Fault can be distinguished

by topographic alignments and by truncation of important
rock units where such units intersect the t:ault. Major areas

of cultural disturbance (stripping of tree cover for land

reclamation) can be identified and mapped.

The NS-001 data were more useful than Landsat MSS

data. The NS-001 data have higher surface resolution, and

stereoscopic coverage is available.

The distribution of bleached Wingate Sandstone and the

general stratigraphic relations present in the Lisbon Valley

Anticline may also be recovered from Landsat MSS images
of the test site. While these images highlight bleached out-

crops, surface resolution of _ 80 m precludes detailed geo-

logic analysis of the bleaching patterns present.

The distributions of bleached rock obtained from photo-

geologic and image analyses were compared with the dis-
tribution of uranium mineralization in the Moss Back and

Cutler Formations. Bleached rocks are inferred to have

fbrmed a cap near the crest of Lisbon Valley Anticline.

The cap has been faulted and erosionally dissected with

breaching of the anticline so that the initial distribution of
remnant bleached sandstone is unknown. Uranium depos-

its of the Moss Back/Cutler Group lie geometrically beneath

pervasively bleached or partly bleached outcrops (Figure
7-13), and all are located at elevations near the apparent
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subhorizontal boundary between bleached and unbleached

rock in the structure. Uranium deposits are essentially absent

beneath unbleached outcrops. Bleached rocks and ura-

nium deposits lie above oil and gas accumulations or other

petroleum source rocks in the anticline. There is thus a

triple spatial coincidence of bleaching, uranium deposits,

and oil and gas reservoirs or source rock in the anticline.

This suggests a causal relation between some members of

the group. Other examples of this type of association are

known, for example, the bleaching of red beds in anticlines

over petroleum accumulations at Cement, Velma, Chicka-

sha, and Eola fields in Oklahoma (Donovan, 1974; Fergu-

son, 1979, 1981). Exploration for uranium has been

contemplated at some of these sites (J. D. Ferguson, per-
sonal communication, 1981).

The preference in this study was to work with principal

component images for studies at the Lisbon Valley site.

These renditions possess three generally desirable proper-

ties: (1) spectral reduction, that is, representation of the

scatter in multiple spectral planes by a smaller number (i.e.,

three or four) of statistically independent variables,

(2) partial independence from atmospheric effects if com-

puted from the scene covariance matrix, and (3) total inde-

pendence from atmospheric effects if computed from the

scene correlation matrix. The principal components may

be computed without prior geologic knowledge of a site,
and they provide a statistically significant separation of

spectrally differing units in the scene. Specialized linear

transformations such as the canonical transform provide

superior discrimination of specified spectral image units, as

was demonstrated in mapping of bleached rocks at this site.

C. Copper Mountain

At Copper Mountain, strata-bound mineralization and

alteration occur only in the Eocene formations overlying

the crystalline basement. This sedimentary cover does not

offer nearly as much economic promise for uranium occur-

rence as does the basement, Mineralized rock in the crys-

talline basement is reasonably uniform to the surface, and

the mineralization is predominantly fracture controlled in

distribution. At depth, the primary parameter is the exis-

tence and recognition of a possible altered-rock matrix
occurring with fracture-controllcd ore concentrations. The

alternate interpretations are whether the fractures guided

(I) a hypogene fluid charged with primary ions that propy-

litized the rocks through which circulation occurred, or
(2) supergene groundwater that redistributed shallow ions

secondarily, leaving an oxidized surficial horizon leached
of uranium. In either case, the water involved could be

dominantly or entirely meteoric. Further, the actual altera-

tion products are represented at the surface as oxidized

residue of the original alteration, introducing the yet more

important factor of weathering. Separating the conjectured

hypogene alteration in such a weathered layer is an unre-

solved problem. The problems pertinent to economic

exploration are (1) recognizing the weathered equivalents
of ore-selective matrices (i.e., propylitic) and (2) deciding

if the weathered surface layer by itself constitutes the source

for at least a portion of the uranium found at depth. At the

resolution of Landsat MSS images, the ore bodies them-
selves, even if exposed, are too small to be recognizable.

This is not a problem for airborne multispectral scanners

with high spatial resolution. The mineralized rocks pro-
jected to the surface are in any event covered in detail by

Tertiary sedimentary rocks and are thus inaccessible to direct
observation.

The focus of this study was determining the distribution

of surface oxidation representing, on the supergene
model, the distribution of at least a portion of the uranium

_urce rock. The oxidation effects were depicted in detail

over a wide area in color ratio composite images of the

Modular Multispectral Scanner (M-'S) 1 l-channel data

utilizing the Landsat MSS equivalent band-ratios 4/5,

4/6, and 6/7 (Figure 7-14). A simple density slice of a single

band ratio (4/6) highlighted the oxidation patterns and

mapped these according to "intensity" of oxidation. This

ratio measures strength (depth) of the charge-transfer

band due to Fe' 3 in the iron oxides and the iron hydrox-

ide reflectance spectrum.

Analysis of the images revealed details of the surface

oxidation pattern that were prcviously unsuspected. Map-

ping by geologists of the controlling company (RME)
showed an E-W-trending belt of surhwe-weathered crys-

talline rocks coincident with partly exhumed pediment

surfaces along the base of the mountains, with oxidation

extending from the Wcst Fork of Dry Creek on the west to

the Paleozoic Precambrian boundary on the cast. The

boundary of oxidation to the north coincides roughly with

the limits of pediment erosion at the mountain base: to the

south, exposures of oxidized granite are limited by Ter-

tiary scdiment cover. All known uranium occurrences

throughout the test sitc both in Tcrtiary rocks and in the
granites beneath the surface are associated with weathered

granites in the western half of the belt.

The new patterns of oxidation recovered from analysis

of the scanner data are far more intricate (Figure 7-14).

The western half of the previously mapped oxidized belt

was depicted as oxidized in the scanner results, thcrcby

establishing a definite image reprcsentation tbr this intensely

weathered terrain. This correspondence was then used to

interpret the remainder of the image. The eastern portion
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of oxidized granite originally mapped extended from the

East Fork of Dry Creek to the Paleozoic Precambrian

boundary; this portion is depicted as unoxidized in image

data. The discrepancies arise from directional surface

reflectance effects in the image data. Additional oxidized

areas were recognized in the images to form an intricate

pattern extending over much of the remaining crystalline

terrain along stream valleys and along NE-trending frac-

ture zones marking faults that cut the granites. The oxida-

tion effects depicted are extremely difficult to recognize on

the ground or from aerial photographs. Mapping by con-

ventional field procedures is thus difficult or even impossi-

ble. This may explain why these effects were overlooked or

not included in the original field mapping.

The deeply weathered zones of granites are coincident

with old pediment surfaces that have been exhumed from

beneath the Tertiary sediment cover. Such weathering may

be attributed to pre-Tertiary subareal weathering but may

also be of more modern origin. The newly delineated oxi-

dized areas in images, on the other hand, fall over complex

topography, including paleotopography along old stream

valleys topographically above the pediments. They are

thought to represent areas more recently exhumed from
beneath the Tertiary cover.

Based on experience with the correlation between oxi-

dized granitic terrain and uranium mineralization else-

where in the study area, it was speculated informally that

the newly depicted areas of surface alteration might consti-

tute additional targets of exploration interest. Subsequent

examination by RM E geologists of granitic (oxidized) rocks

along a shear zone extending up into the mountains behind

the frontal pediment surface disclosed the presence of

anomalous radioactivity. These additional areas were evi-

dently unanticipated based upon the previous field map-

ping and upon the exploration model employed.

The distribution of oxidation was also examined using

principal component transforms of the NS-001 imagery.

The distributions obtained differ from those given by the

M_'S results. Intensely oxidized terrain in this second inter-

pretation is essentially confined to the pediments and to

narrow zones in the granites following malic dike swarms

or trains of metamorphic inclusions.

The oxidation patterns from M2S and from NS-001 images

were compared with the distribution of uranium minerali-

zation throughout the test site. These mineralized patterns
were inferred from the distributions of exploration drill

holes, old mines, adits, prospect pits, etc. The distribution
of mineralization falls within the pattern of heavily weath-

ered granitic rocks and in general corresponds most favor-

ably with the distribution provided by the NS-001 results

(Figure 7-15).

The ore-altered matrix association consisting of pitch-

blende-coated fractures in propylitically altered granite was

discovered solely by examining cores. This association is a

valuable tool to exploration geologists. The weathered sur-
face masks or modifies this alteration in the mineralized

areas. It has not been mapped at the surface by company

geologists, and it has not been possible to study it with the
scanner data.

Vl. Remote Sensing Exploration Models

A remote sensing exploration model relates the distribu-

tion of surface alteration, lithology, structure, etc., either

on an empirical or a deterministic basis, to the subsurface

distribution of mineralization. Studies at the Lisbon Valley

and Copper Mountain test sites have resulted in two

empirical models. This section reports our findings and

describes problems raised by the geologic relations implied.

A. Lisbon Valley

1. Exploration strategies. No specific exploration models

were known for the uranium deposits at Lisbon Valley

beyond direct mining or surface drilling to locate exten-

sions of existing ore bodies along trends in the host fluvial

sandstone channel systems. Bleaching of sandstone out-

crops was recognized to occur above ore-bearing strata in

1958 (Loring, 1958) but apparently was not used as an

exploration guide.

Some general rules governing the distribution of ore had

been recognized earlier: (I) Uranium in the Chinle and
Cutler Formations occurs immediately adjacent to the

(Paleozoic-Mesozoic) angular unconformity separating the
two (Malan, 1968), and (2) where present, ore is confined

to an elevation interval of 6200 to 6700 ft drawn on the top

of the Cutler Formation (Lekas and Dahl. 1956). An

exception to this rule is the Atlas Minerals Velvet (1979)

deposit in the southern ore district. The estimated eleva-

tion of this body is 5200 to 5700 It; its stratigraphic posi-
tion is uncertain.

2. Information supplied by remote sensing method. The

correlation shown in Figure 7-13 between Wingate bleach-

ing and major orc accumulations is satisfying but not per-
fcct. For cxample, while bleaching over the North Alice

Mine is geomctrically conclusive, the Wingatc over the

larger Mi Vida Minc is in thc transition zone of bleach-

ing, and the major Louise Mine also lies beneath only partly
bleached rock.
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Remote sensing methods depict the present and not the

initial distribution of bleach effects. Similarly, mining depicts

the present, not necessarily the initial nor the complete dis-

tribution of ore. Large canyons (Mi Vida, Expectation) cut

the Wingate Sandstone in the transition region, exposing
the Upper Chinle Formation and Moss Back Member

beneath. Analysis of cross sections reveals that erosion has
removed a substantial amount of bleached rock south of

Mi Vida Canyon so that the initial distribution of bleached

facies and the distribution of ore deposits might have been

more nearly coincident. In the southern part of Lisbon

Valley Anticline, all known occurrences of ore, including a

deposit discovered in 1979 by drilling, are located beneath

bleached outcrops. In the central portion of the anticline,
Moss Back rocks beneath the unbleached facies contain

only a few ore bodies. These ore bodies are extremely

localized, and none exceeds a few hundred thousand pounds
in size.

A complete analysis of this problem would require

knowledge of the complete present distribution of bleach-

ing, including that in the subsurface. This can be obtained

only by drilling and is beyond the scope of this project.

3. Timing of mineralization and alteration events

a. Age of mineralization. In addition to the detailed

problems of areal correlation, there remains the problem

of the timing of the mineralization and bleaching events,

Dating of the uranium deposits is uncertain due to possible

geochemical alteration of the ore bodies by groundwater

action. The most convincing discussion of the uncertainties

and significance of the isotopic age is that of Miller and

Kulp (1963). They interpreted the isotopic data to indicate

primary uranium mineralization during or soon after
deposition of the enclosing Chinle rocks, that is, about

210 m.y. ago.

b. Age of bleaching, The time of bleaching cannot be

older than the time of Wingate deposition itself, although

intraformational sedimentary structures suggest bleached

rocks may have been present during the Wingate deposi-

tion interval. The upper boundary of bleached Wingate

interfingers with red Kayenta sandstone, suggesting bleached

rocks were present at that time: but these relationships might
also result from permeability variations between these

fbrmations. Bleached Wingate strata are truncated by the

Lisbon Valley Fault, which is Laramide in age. Thus, the

bleaching is in part pre-Laramide in age. The sandstone is

a good aquifier, and some iron solution and transport may

still occur with the flushing of meteoric water through the
system. These observations only loosely constrain the time

of mineralizing and sandstone alteration events.

An alternative interpretation is of a serial connection

between mineralization and bleaching. That is, a common

external agent (petroleum) may have acted sequentially,

first as a reductant source for deposition of uranium dur-

ing Chinle time, and later as a reductant aiding solution

and removal of Fe +_ pigment during or after deposition of

the Wingate. Bleaching, in this interpretation, thus indi-

cates the reducing environmental conditions required for

deposition of ore.

A barrier to accepting these relationships as genetically

significant is that bleached rocks and ore horizons are sep-

arated stratigraphically by hundreds of feet of unaltered

red mudstone and sandstone, with no apparent connection
between the two.

However, the observed distributions of altered and

mineralized rocks are incomplete in that hundreds of feet
of Mesozoic and Paleozoic rock have been removed over

the axial region, leaving residual outcrops exposed only

along the flanks. Thus, many conduits may have existed
between these formations that are no longer preserved along
the flanks of this structure.

B. Copper Mountain

I. Exploration model. Attention is confined here to

mineralization comprising the North Canning Ranch and

Fuller resources at Copper Mountain (Figure 7-15): deposits
found in the Tertiary rocks are excluded.

Based on analysis of drill cores the North Canning

resource was characterized as composed of sooty pitch-

blende occupying extensive fractured granite along fault

zones. The country rock contained low-temperature propy-
litic alteration and hematite on fractures associated with

the mineralization. Concentrations in the subsurface were

localized beneath a remnant covering of Tertiary sedi-

ments that apparently acted to shield the uranium accu-
mulations beneath from remobilization and redistribution

by downward-percolating surface waters. Yellich eta[. (1978)
suggested a supergene mechanism of concentration in which

rocks at the surface were oxidized while being leached of
their uranium.

The exploration strategy consisted of a search by drilling
for mineralized fracture zones. The primary areas were

generally confined to zones of oxidized granite of the pedi-

ment as opposed to "fresh" granite exposed outside the

pediments. Hematite staining of fractures was also used as
a guide. Furthermore, the primary areas were specifically

centered on Tertiary outcrops within the belt of oxidized

granite. Distribution of propylitization at the surface was

evidently not important as a guide inasmuch as it was dif-
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ficult to identify in the presence of masking by surface

weathering. The limonite staining, however, may be derived
from iron-rich chlorites or clays; these could represent

the propylitized zone and hence, in a secondary fashion,

the original reduction alteration that has significance

for the uranium emplacement.

2. Information supplied by remote sensing method. The

remote sensing exercises at Copper Mountain specifically
were aimed at mapping the distribution of surface oxida-

tion using the image data. The image method proved to be
sensitive to the amount and variability of this alteration; as

a result, the patterns determined are more extensive and

considerably more complicated in distribution than those

provided by conventional field mapping.

The image data were used to predict the location of

additional favorable ground based on the oxidation crite-

rion. The controlling company (RME) subsequently located
surface mineralization in these new areas. The useful-

ness of the remote sensing image method as a supple-

ment to conventional methods of mapping was thereby
demonstrated.

3. Discussion of significance and timing of alteration.

Problems concerning the genesis of the ore bodies and of
the surface alteration remain. At least six models can be

described for the origin of the Copper Mountain deposits:

(1)

(2)

Precambrian uranium widely dispersed in granite was

leached and transported in Tertiary time by either

meteoric water heated by deformational friction

during thrusting or cold meteoric groundwater. The

uranium subsequently was chemically fixed by

hydrocarbons migrating from reservoirs in Mesozoic
sediments beneath.

Tertiary uranium was dispersed syngenetically in the

Wagon Bed and possibly the White River Forma-
tions (the "Gas Hills" model). These tuffaceous sedi-

ments were leached of uranium by meteoric

groundwater, and the uranium precipitated in gran-

ite along crushed zones by the reducing action of

hydrocarbons or reducing conditions at the water
table.

(3) Precambrian uranium in granite was liberated by

surficial leaching and erosion of granite and rede-

posited syngenetically in the Tertiary Wagon Bed

(Teepee Trail) gravel and into crushed granite at

depth, either in syngenetic concentrations fixed by

clay or organic matter in sediments or in epigenetic

secondary concentrations fixed by organic matter,

hydrocarbons, or other reducing agents (Kendall et

al., 1980), possibly with multiple episodes of precipi-
tation and remobilization in veins in granite.

(4) Tertiary uranium was introduced hypogenetically into

stockworks controlled by the fracture pattern along
the faulted mountain front.

(5) Precambrian uranium was mobilized by hydro-

thermal waters convectively driven by radioactive

heating. Precipitation and alteration took place by

closed-system reaction within crushed zones (Shrier

and Parry, 1982).

(6) Multiple Tertiary episodes ot uranium mineraliza-
tion involved both tuffaceous and granitic source rocks

(Kendall et al., 1980).

Interpretation of the relative ages of mineralization and

surface weathering is a difficult problem. Probably a series

of mineralizing episodes is represented, some as recent as

the Pliocene (S. Reyher, personal communication). The age

of weathering is also unspecific. Based on interpretation of

drill cores and cuttings, the weathered layer is not present

along paleovalleys beneath the Tertiary cover. If this rep-

resents erosion of the zone, the age of weathering is pre-

Wagon Bed (pre-Middle Eocene), and the weathering can
at most be significant, on the supergene model, for the pre-

Eocene episodes of uranium deposition.

Field relations also suggest, however, that the surface

coloration may develop progressively alter removal of Ter-

tiary sediments from the granitic pediment surfaces. Thus,
actual timing of the surface coloring is ambiguous, if, how-

ever, the weathered zones prove localized over weathered

or propylitically altered zones in the granites and these zones
prove important as altered matrices or as source rocks for
mineralization, then the limonite stain serves as a guide of

secondary origin to these "primary" effects. In this sense,

the staining may be significant regardless of its actual age.

VII. Extrapolation of Techniques to Other
Uranium Districts

The most useful guides to uranium occurrences, bleach-

ing at Lisbon Valley and favorable limonite at Copper

Mountain, can be easily extrapolated to other districts.

A. Bleaching of Sediments

Lisbon Valley represents a typical occurrence of strata-
bound uranium deposits in one of only four prolific hori-

zons in the entire Colorado Plateau, but the deposits are

nearly unique among districts of strata-bound uranium

deposits. Lisbon Valley is the only district so far found in a
breached, faulted anticline, although the actual control by
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either faulting or folding has been questioned. There are,

however, many other districts in which strata overlying or

adjacent to ore bodies have been bleached or otherwise

altered in a manner similar to that at Lisbon Valley.

Examples include the Grants uranium belt, New Mexico,

and Sinbad Valley of the San Rafael Swell, Utah.

In circumstances where bleaching occurs in the same

stratum that binds the uranium deposits, bleaching has been

considered, almost since the inception of uranium geology,

a process directly related to the concentration of uranium

into deposits, that is, the altered matrix in which ore bodies

are found. Bleached rock always has been a time-honored

exploration guide and can be used for remote sensing

interpretations in almost any district of uranium deposits

in sedimentary rocks. Indeed, the technique was used
extensively during the 1950s by studying color aerial

photographs.

Bleaching associated with reduction and uranium (as well

as other metal) mineralization represents a change from

the original brown or red colors of sediments to pale-green

or near-white colors, that is, the change from ferric oxides

to ferrous oxides or silicates. This chemical change is gen-

erally followed by the conversion of part of the oxides to

sulfides. The process is independent of" surface weathering

and, in fact, would not occur in an oxidizing environment.

Bleached weathered rock at the outcrop also can result from
the reduction of" iron by plant debris or by the removal of

iron by suspension or solution in meteoric water.

Distinguishing residual reducing sedimentary environ-

ments from reduction imposed epigenetically upon an oxi-

dized sediment can be difficult if evidence of the original

reductant (organic material) is not present or if clear cross-

cutting stratigraphic relations are absent. These two mech-
anisms have been debated intensely along with the

syngenetic epigenetic alternatives of'uranium genesis.

Stratigraphic separations between ore and bleached rock

with no apparent connection between the two retard sim-

ple extrapolation. Geologists hesitate to believe that the

dilute groundwater thought to be responsible for uranium

concentration could penetrate across formations of low

permeability to accomplish coordinated changes in selec-

tive aquifers. On the other hand, at Lisbon Valley, the Lis-

bon Valley Fault and possibly other faults of earlier age

resulting from diapiric flow of salt might have acted as
conduits across the impermeable horizons, Clearer exam-

ples may be provided in other areas. For example, at Tem-

ple Mountain, Utah, pipe-like collapse structures penetrating

Triassic and Jurassic strata l\_rm accessible pathways

between mineralized horizons and superjacent strata. In that

area the Wingate Sandstone is bleached for miles along

the outcrop away from the collapse structure, but the inter-

vening Chinle red beds are unaltered, except locally around

the pipe itself. These distributions are probably controlled

by formation permeabilities; the Wingate is a porous,

permeable sandstone whereas the Chinle consists of tight,

clay-rich mudstones with high resistance to fluid motion.

Many uranium districts have large areas of surficial,

strong-green color, resulting from a reduced state of the

iron present. This coloration at Lisbon Valley is largely
restricted to the narrow band of Moss Back outcrop. Gray

and gray-green rocks of the Moss Back are easily separa-

ble on scanner images. This coloration is not so readily

accepted as an alteration product; it is usually taken to

represent a syngenetic reducing depositional environment.

In any case, at other localities its distinction in scanner data

would be straightforward.

B. Iron Oxidation and Weathering

For remote sensing, the distinctive features closely asso-

ciated empirically with uranium concentration at Copper

Mountain are weathering of granite and the production of

a peculiar variety of" limonite. The chance for extrapola-

tion is rather low because the combined types of features

and associations at Copper Mountain are fairly uncom-

mon if not unique and because the role of weathering in
the concentration of uranium is uncertain. Copper Moun-

tain has few counterparts anywhere, unless the common

denominator would be veins or shatterworks in granitic

rocks. In that case, there are many counterparts, and the

critical controls and guides are essentially the fracture ori-

entation and density which are inaccessible to surface
observation at this site.

There is considerable promise for extrapolation of the

peculiar limonitic color, even though its association with

thc mineralization process may be questionable. It has been

observed in most granitic terrains that were subjected to

relatively low-temperature mineralization, and it is consid-

ered a valid common indicator that can be extrapolated

regardless of the physiographic nature of the exposures.

This particular limonite may result from selective oxida-
tion of the ferrous silicates (clays :and chlorites) produced

by the invasion of the reducing environment as part of the

alteration phase of the mineralization cycle. Visually, this

limonite can be distinguished from hcmatite or limonites

of other parentagc. In effect then, this limonite serves the

same role in recognition as the "greening" or bleaching of
sandstones on the Colorado Platcau and indccd can be

considered to be of equivalent importance. As with bleach-

ing, it does not directly indicate uranium ore bodies but
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rather indicates the type of matrix or the chemical environ-

ment in which they can and habitually do occur. However,

there are many ferrous clay matrices without uranium ore
bodies.

Vlll. Implications for Mineral Exploration
in General

Epigenetic concentrations of uranium in the Earth's crust
differ little in occurrence from most other trace elements.

Historically, uranium exploration consisted of examining

other metal deposits and districts for anomalous radioac-

tivity. Failure to find significant amounts of uranium asso-
ciated with concentrations of other trace elements led to

the conclusion by many that uranium did not participate

in any important way in primary (magmatic, hydrothcr-

real, metamorphic) mineralization processes.

The discovery of large economic deposits in sandstone

(and later, other sedimentary hosts) geographically removed
from other mineral districts stimulated the conclusion that

most economic uranium deposits have an independent

origin related to meteoric water supergenesis or laterogen-

esis. The strata-bound nature of these deposits suggested

that uranium was syngenetic with the host sediment and

was epigenetic in detail only by virtue of secondary
concentration.

Vanadium, copper, barium, molybdenum, lead, and
selenium concentrations have been found in sandstones

with characteristics similar to those of uranium deposits,

and indeed some (vanadium-uranium) are commonly

produced together. More commonly the elements do not

occur together, but many concentrations nevertheless are

enclosed by similar altered-rock envelopes, or in large altered

matrices. Further, the superficial associated limonite

assemblages are similar. Therefore, the remote sensing

techniques developed for uranium exploration in sedimen-
tary terrains should be applicable to the other elements in
sandstone.

Such an empirical common denominator as alteration
halos should indicate similarity or even association of the

genetic processes, although the common genetic factor may
be one as innocuous as the corrosive power of ordinary

dilute groundwater. The total mineral ion content of

groundwater is the key factor in deciding whether such fluids

can be a mineralizing (corrosional, transportational, or

depositional) agent. Nearly pure (sweet) or dilute (in min-

eral ions) groundwater should have little efl'ect on the rocks

through which it passes, thus requiring long geologic time

intervals to accomplish mineralization. Corrosive brines, on

the other hand, are known to exist and are capable of pro-

ducing mineralization in short time intervals (Gabelman,
1970). The hydrothermal fluids that create other metal

deposits are brines. Therefore, similar alteration envelopes
and even similar metal deposits (depending on the mineral

ion transplanted) could be created by similar brines of dif-

ferent genesis. Connate, magmatic, and laterogenic (in

geopressured marginal marine basins) brines are all known.

The empirical and conceptual similarities described can

be extrapolated from the sedimentary environment to most

other host environments for mineralization. First, large

alteration matrices and ore-body alteration envelopes are

common to most other metal deposit types. The alteration

types are similar throughout all district types ranging from

high-temperature "porphyry" replacement disseminations

to low-temperature sandstone impregnations and are simi-

lar for metal types ranging from gold to uranium. In order

of rising alteration temperature and intensity, the most

common alteration types are propylitization (leaching),

argillization (bleaching), silicification, sericitization, biotiti-

zation, and feldspathization. The literature is replete with

descriptions of zones of these types of alteration being con-
centric around a bull's-eye of highest temperature altera-

tion and forming a single "district" (as defined by Gabelman,
1976, 1977), usually with many distortions.

Second, similar zonal relationships occur in other types
of metal deposits (Barnes, 1979). For example, high-

temperature replacement disseminations (both porphyry and

nonporphyry), breccia pipes, and stockworks are found

within a central zone of pervasively altered rock. Veins and

limestone replacements with thin altered-rock envelopes

are found marginal to the pervasive "core," usually under

structural control. Strata-bound sandstone or shale impreg-

nations occur farther away. "Metallogenically" different
metals are arranged along a temperature gradient directed

radially outward from the core, ranging from central mag-

netite through gold, copper, zinc, lead- zinc-copper, lead

silver, sulfosalts, gold, fluorite, barite, uranium, copper--
vanadium uranium, and uranium (Gabelman, 1961, 1976,

1977). However, not all of these are represented in any sin-

gle district.

Whether the strata-bound sandstone impregnations

belong to larger zonal patterns is very controversial. Most

sandstone uranium geologists prefer to exclude them.

Nevertheless, on the basis of long and extensive studies of

the empirical distribution of metal types, Gabelman ( 1961,

1968, 1970, 1977) and Gabelman and Boyer (1958) have
demonstrated the consistent occurrence of sandstone ura-

nium impregnations on the outskirts of most complex metal

districts. Further, when groups of mineralogically and geo-

metrically similar districts are coalesced into belts, the belts
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frequently define metal zones of regional extent character-

ized by a single dominant element or small group of ele-

ments. Groups of parallel, contiguous regional zones

illustrate a paragenetic gradient ranging across some con-
trolling tectonic feature, such as an orogenic mobile belt or

cratonal major fault zone, and conforming to that feature

in geometry. Gabelman now considers such groups of related

metal zones to constitute a regional mineralization belt in

which uranium and vanadium are geometrically and para-

genetically involved, even though a variety of processes

might be responsible for the formation ofdifl'erent types of

deposits. Thus, meteoric groundwater activated and con-

verted to brines by tectonic, including magmatic, events

becomes mineralizing fluids responding to the same con-

trols as magmatic fluids but acting to form deposits distrib-

uted zonally in response to a metallotectonic gradient
(Gabelman, [968, 1976).

In these terms, the remote sensing technology developed

for the recognition and evaluation of uranium deposits and

districts can be applied to the recognition and evaluation

of many other types of deposits. The restraints imposed by

the mineralogical, morphological, and structural variations

plus problems of exposure must be recognized, but the

application should be beneficial. In tact, the scale of syn-
optic viewing and the amount of area covered by satellite

images create a good opportunity to further define and test

the regional zonation of varieties of ore deposits. The

important differences are the alteration mineral suites

involved whose reflectance properties must be established

by independent studies.

IX. Direction of Future Research

Remote sensing can impact exploration for uranium in

two direct ways: (1) It can provide improved understand-

ing of the geologic setting of mineral deposits through

improved geologic mapping of lithology and alteration

effects and (2) can provide identification or discrimination

of alteration phenomena peculiar to uranium deposits.

Empirical methods correlating occurrences of ore and

geologic effects (among which may be alteration) are com-
monly used in exploration strategy regardless of whether

cause and effect can bc established. Clearly a thorough

understanding of ore genesis and related effects will pro-

vide the greatest benefits. The mineral companies, with

access to subsurface information plus active exploration

programs, are uniquely positioned to aid in the develop-

ment of the required exploration models.

The detection and discrimination of rock alteration is a

remote sensing problem equivalent to lithologic discrimi-

nation. Usually lithologic discrimination is carried out using
statistical classification methods and image training areas.

On the other hand, direct detection requires using high-

spectral resolution information and accurately eliminating

atmospheric effects.

The high-resolution spectral properties of uranium-
related, as well as most other metal-related, alterations have

been investigated in detail for a few deposits. Extending

field and laboratory observations to more diverse metal

environments is essential if quantitative applications of the

remote sensing method are to be made.

Investigating other uranium districts will deepen our

understanding of the place of remote sensing methods in

the uranium exploration process. Sandstone uranium envi-
ronments have so far achieved most of the attention, but

including other types of deposits of "world-class" status

comparable to Laguna or Ambrosia Lake (in the Grants
uranium belt of New Mexico) is warranted.

X. Summary

The Joint NASA/Geosat Test Case Project for uranium

focused on remote sensing studies in two uranium dis-

tricts: (1) Lisbon Valley, Utah, representing strata-bound

uranium deposits in sandstone, and (2) Copper Mountain,

Wyoming, which is a stockwork (supergene?) accumula-

tion in Precambrian granite.

The test site investigations used aerial photography, air-

craft multispectral scanner data, Landsat MSS images, and

field observations to map the distribution of suspected

mineral-related alteration and to map the geology of selected
areas at each site. The aircraft scanner data covered the

spectral region 0.4 to 2.5 /Lm and were used as principal

components, canonical transforms, color ratio composites,
and single ratios to map the distribution of sandstone

bleaching (Lisbon Valley) and/or surface weathering

(Copper Mountain). Major limitations of both aircraft

scanner data and Landsat MSS images are spatial resolu-

tion and lack of stereoscopic coverage. The best aircraft

scanner resolution available is approximately 7 m (Bendix

24-channel, Lisbon Valley), which is a factor of 5 or so

poorer than conventional aerial photographs. Use of image
data can be expected to increase significantly as the surface

resolution capability improves. Stereoscopic coverage will

provide important benefits, especially for stratigraphic

problems, and will tend to eliminate the need for indepen-

dent topographic information. Including additional spec-

tral bands plus thermal infrared data will also improve rock

discrimination capability. Existing scanner channels were
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adequate for the discrimination problems studied here

wherever spatial resolution permitted it.

At Lisbon Valley the uranium deposits are found pre-

dominately in the Moss Back Member of the Chinle For-
mation on the southwest flank of Lisbon Valley Anticline

100 to 200 m (300 to 700 ft) beneath an umbrella of bleached

or partially bleached Wingate strata and 2500 m (8000 It)

above oil and gas accumulations and source rocks in Mis-

sissippian and Pennsylvanian reservoirs located on the flanks
of the anticline. The distributions of bleached and pig-

mented strata have been mapped using aircraft multispec-

tral scanner data. The origin of the bleaching and its relation

to mineralization are not fully explained. One theory holds

that transgressive mineralizing fluids deposited uranium in

the Moss Back and passed through the impermeable sec-
tion of Chinle rocks above to permeate and bleach the

Wingate section. Another possibility is that these fluids,

which may have contained a component of hydrocarbons

(H2S and CO2) from the leaking reservoirs beneath, aided

the fixation of Chin[e/Cutler ore in Triassic (Moss Back?)

time, and later, perhaps by means of fault conduits, pro-

vided reductants for the leaching of hematite from Win-

gate red beds. Empirically, bleaching of the Wingate is
correlated with the distribution of uranium mineralization.

Other anticlines are known where bleached red beds occur

above ore and gas accumulations. These become potential

targets for uranium exploration according to the ideas pre-

sented here. Bleaching is a widespread phenomenon

occurring with uranium and constitutes an available target

for remote sensing study.

At Copper Mountain, the uranium resources are located

along fracture systems (at 100-m [300-ft] depth) occupying
an area at the foot of the Owl Creek Mountains that is

coincident with a pediment surface ofpre-Eocene age. These

accumulations in the granites are covered at the surface by

tuffaceous sediments of the Eocene Wagon Bed Forma-

tion. The adjacent granite rocks are weathered and heavily
fimonite- and hematite-stained where they are exposed at

the surface. These exposed weathered granites are barren

at depth. The distribution of so-called oxidized granite has

been mapped in detail using aircraft scanner data. Empiri-

cally, the occurrences of uranium, both in the granites and

in the Tertiary section, correlate well with the distribution
of oxidized rocks.

The origin of surface oxidation and its relation to miner-
alization are not fully settled. One theory holds that the

surface oxidation represents the result of leaching of the

granite of its uranium. Uranium present in the accumula-

tion at depth is thus supergene. Other sediment sources of
uranium may be required to complete the deposit, but these

have never been removed by erosion. The present (resid-

ual) resource is protected from additional leaching by the

remnant Tertiary sediment cover.

A second theory involves a hydrothermai origin for the

uranium and the development of a regional alteration matrix

in the granite involving extensive propylitization. This

alteration has been masked at the surface by extensive

weathering, and mapping of its distribution has not been

attempted.

Extrapolating these results to other uranium districts is

risky because explorationists feel the Copper Mountain

deposit may be unique. Limonitic alteration of the Copper

Mountain type is empirically correlated with low-tempera-

ture mineralization in granitic terrains and should be a useful

exploration tool elsewhere.
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Section 8

Lisbon Valley, Utah,

Uranium Test Site Report

I. Introduction

A. Purpose and Background

The Joint NASA/Gcosat Test Case Project was initiated to

evaluate the utility of remote sensing methods for mineral, oil,

and gas exploration and for geologic mapping. A complete

description of this Project and its history are given in the Project

Description, Section 2. A key element of the Project was the

anticipated cooperation between NASA and the participating
Geosat companies wherein NASA provided aircraft overflight

data plus ancillary ground-based observations, and Geosat pro-

vided the geologic and subsurface data and access to property.

This section describes remote sensing and geologic inves-

tigations carried out at Lisbon Valley, Utah (Figure 8-1), a
NASA/Geosat uranium test site that represents a tabular stra-

tabound Colorado Plateau-type deposit in sandstone. The par-

ticipating Gcosat company was Atlas Minerals, Moab, Utah.

A second site, located at Copper Mountain, Wyoming, is a

probable supergene uranium occurrence with vein or stockwork
mineralization dispersed in Precambrian rock. This site is dis-
cussed in Section 9.

B. Site Selection and Specific Geologic Problems

Lisbon Valley was chosen as a prototype district representing

sandstone-type uranium deposits. This choice from among the
possible sandstone occurrences (Uravan, Grants Mineral Dis-

trict, eastern San Juan Basin, and Wyoming Basin) was gov-

erned by four considerations:

( 1) Geological exposure and mineral resources present. The

Lisbon Valley area is located astride a salt anticline with

a well-exposed section of Paleozoic and Mesozoic rocks.

The stratigraphy and structure arc both amenable to remote

(2)

(3)

sensing studies. Major uranium deposits are present that

reside in the basal Triassic section composed of the Moss
Back Member of the Chinlc Formation. A number of

other resources are present that may contribute to the

remote sensing parameters: ( 1) oil and gas accumulations

buried beneath the southwestern limb in porous dolo-

mitic rocks of Mississippian and Devonian age/2) Ter-

tiary-age (post-Laramidc) copper deposits in Mesozoic
and Paleozoic rocks along Laramide-age faults cutting

the anticline, and (3) Cretaceous-age coal deposits in

the extreme southeastern portion of the anticline along

a major fault.

Outcrops of mineralized and altered rocks. The miner-

alized lower Triassic section crops out along the entire

southwestern flank of the anticline, thus forming a poten-
tial target for remote sensing observations. Localized

occurrences of ore-bearing rocks lie very near to, but

are not exposed at, the surface. Altered (bleached) strata,

principally the Triassic Wingate Sandstone, are well
exposed above the ore-bearing section. The bleached

rocks may be guides to mineralization. The distribution

of bleaching was known to follow the distribution of ore
beneath; however, the distribution of bleached rocks

throughout the anticline had not been mapped, and the
spatial relations between bleaching and mineralization
had not been worked out.

Property distribution. In a cooperative scientific study

with industry like the Geosat Project, it was essential
that the pattern of property ownership over the test site

be simple and that access to property be available. A

major portion of the ground at the Lisbon Valley test

site is controlled by the Geosat member company.
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(4) Previous geologic investigations. The geology of Lisbon

Valley is well mapped at a scale of 1:24,000. Consid-

erable geologic inlormation exists on the distribution and

stratigraphic relations of the ore bodics, their mineral-

ogy, and lead-isotopic ages. The lead-isotopic relations

provide additional constraints on origin. At depth, the
_';tructure of the salt diapir is known from oil and gas

geophysical exploration studies and from drilling.

These circumstances offered an opportunity to piece together

surface and subsurface elements of the structure and stratig-

raphy of Lisbon Anticline into an expanded picture relating
bleaching now exposed at the surface to the uranium miner-

alization and to the deeper occurrences of petroleum and petro-
leum source rocks. These relations had not bccn worked out

previously.

Two principal geologic and image interpretation problems
were evaluated: (1) use of scanner data for geologic mapping

in the anticline and surrounding areas, and (2) detailed pho-

togeologic and image interpretation of thc distribution of blcached
and unbleached Wingate strata, in addition, carbon and sulfur

isotopic data were obtaincd for samples of (Moss Back) ore

and for samplcs of oil and gas from the major reservoirs or

oil-producing horizons. Also, as a result of the image analysis

and supporting geologic studics, possible causal geochemical

conncctions between thc presence of oil, gas, and uranium and
the occurrence of bleached rock were suggested.

C. Remote Sensing Data

The available remote sensing data consisted of high-reso-

lution aerial photography, aircraft multispectral scanner infor-

mation, ground-based spectral reflectance measurements, Landsat
1, 2, and 3 satellite data, aircraft X-band radar observations,

multifrcquency microwave radiometer data, and Fraunhofer
Line Discriminator (FLD) image data, thc latter provided by

the U.S. Geological Survey (USGS). All of thesc data except
the microwave and radar obscrvations wcre used in this study.

The surface resolution of the microwave data was very low

(_- 1.3 kin), and the aircraft flew widc of the area to the north-

cast. The X-band observations revealcd general physiographic

features of the site. Since all of these structural and stratigraphic

clemcnts were known from existing topographic or gcological

maps, no additional analyses wcre performed.

]'he aircraft multispectral scanner data are discussed in this
section. These data cover the approximate spectral range of

0.45-2.5 t-tm in discrete spectral bands from 0.04 to 0.3 _m

in width. The scanners provide measures of solar radiance that
has been reflected from the surface. The data include atmo-

spheric scattering effects, which were removed using empirical

methods before interpretation. The surface parameter of impor-

tance is spectral reflectance, which is averaged in the inca-

(a)
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I _ l 42°
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II0 ° 109 °
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113 _ 112 ° 111" 110 _ 109 °

50 100 mi

I I

50 100 km

I I

Figure8-1. Locationof the Lisbon Valleyarea, Utah:(a) generalmap
showingParadox Basinand ColoradoPlateau

surements over surface resolution elements and over spectral

interval. The scanners yield a surface spatial resolution of

approximately 10 m.

D. Plan of the Section

This section is divided into two parts. The first part consists

of the geologic descriptions, reflectance measurements, image

interpretations, carbon and sulfur isotope studies, and FLD
data analysis. The second part includes appendixes that provide

analyses of problems relating to the interpretation of remote

sensing data as radiance data. Examples of such problems are

the relationship between scanner radiance and surface reflec-

tance, and the use of radiance spectral data to study the problem

of mixed cover types of the principal components (PCs). These

appendixes have mostly been developed as examples from the
Lisbon Valley site, but the results also apply to the Copper

Mountain test site discussed in Section 9 and in general terms
to the other sites.
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II. General Description of the Test Site

A. Location and Access

The Lisbon Valley Uranium District is located 34 mi south-

east of Moab, Utah, in northern San Juan County, southeastern

Utah. Lisbon Valley lies near the center of the Colorado Plateau

within the Paradox Basin of Pennsylvanian evaporite sedi-
mentation on the southwestern side of the Paradox fold and

fault belt (Figure 8-1; Schneider et al., 1969). The area of

study includes the southwestern portion of the Lisbon salt anti-

cline. The Lisbon Valley area is reached by paved highways

from Moab or Monticello (U.S. Highway 1631 and La Sal

Junction (Utah tlighway 46). Paved roads fi-om both north and

east provide access to the Lisbon Valley area from these major

highways. Numerous unpaved dirt roads and unimproved dirt
roads provide access to all parts of the study area. Some of

these arc passable by automobile in dry weather only.

B. Description of the Test Site

The Lisbon Valley test site (Figure 8-11 is bounded by lat-

itudes 38 ° 5' 20" and 38 ° 16' 30" and longitudes 109° 22' 30"
and 109° 6' 00", comprising a total area of 168 mi z. Within

the study area are two major folds: (11 a composite structure

consisting of two side-by-side anticlines separated by a normal

fault (these are the Lisbon Valley and Lisbon Canyon Anti-

clines and are referred to collectively as the Lisbon Anticline),
and (2) the East Coyote Wash Syncline lying to the northeast

of Lisbon Anticline. These large structures were used in the

application of multispcctral scanner data to geologic mapping

problems. For uranium problems, the area of interest is the

southwestern limb of Lisbon Anticline, principally in a NW-

trending strip lying roughly between Big Indian Valley and

lower Lisbon Valley on the northeast side and Hook and Ladder

Gulch and Three Step Ilill on the southwest.

C. Physiography

Lisbon Valley is one of many NW-trending subsequent stream

valleys cut ahmg bleached salt anticlines in the Paradox Basin
of the Colorado Plateau (Wood, 19681. Lisbon Anticline lies

on the western edge of the deeper part of the basin, together
with the Cane Creek, Moab, and I)olores Anticlines. All of

these anticlines have Triassic and younger rocks exposed, and
all have uranium mineralization in the basal Chinle sandstone

beds. The Lisbon Anticline, with its two separate anticlines,

was formed by folding during both the Tertiary and Permian

periods. The younger Tertiary anticline accounts for the present

physiography. Lisbon Anticline covers an area 34 by 14.5 km

(21 by 9 nil). Altitudes throughout the test site range from
about 6000 to 7200 It. The area can be characterized as having

moderate to rugged topography; the western escarpment of Big

Indian Valley comprises the southwestern limb of the structure

and consists of a high sandstone-capped cuesta cut by, south-

west-draining canyons 2(10 to 500 ft deep. Big Indian Wash,

located just southwest of the axis of the anticline, llows gen-

erally NW-SE along a cot, rse determined by bedding in the
nonresistant Permian section to the vicinity of Big Indian Rock.

At Big Indian Rock the wash turns abruptly west, crosscutting

the west-dipping resistant strata of the west limb to flow west-
ward into Dry Valley. l.isbon Valley to the northeast, on the

other hand. generally lk)llows the trace of I.isbon Valley Fault

and drains southwest, turning abruptly northeast at Lisbon Can-

yon to [low outward across the axis of Lisbon Canyon Anti-

cline, eventually emptying into East Coyote Wash.

D. Climate

The climate of the Lisbon Valley area is semiarid, with cool

winters and relatively hot summers. From December through

March, snow may cover all slopes except those with southern

exposure. Thunderstorm activity may occur in summer months.

Weather records for Northdale (Loring, 1958) near the Col-
orado border at an elevation of 7000 ft show an annual tem-

perature of 44.8 ° F and a mean annual precipitation of 13.39 in.

The highest temperature reading was 103 ° F in August and the
lowest was -10 ° F in December.

E. Multispectral Scanner Coverage

Flight paths and ground coverages for the multispectra!, scan-

ners and X-band radar systems flown over the Lisbon Valley

test site for the 1976-1979 period are given in Figure 8-2.

Geometric rubber sheet corrections are applied to the scanner

data to compensate for aircraft motions depicted by distortion

of the ground tracks shown in Figure 8-2. Details of this

geometric processing are given in the Technical Appendix,
Section 14.

III. Vegetation Cover

The Lisbon Valley test site lies within the upper Sonoran

climatic zone and is part of the southwest uplands (Colorado

Plateau) physiographic province. Most of the area falls within

the pifion-juniper belt. The Bureau of Land Management (BLM),
Moab, Utah, has prepared maps of the dominant and subor-

dinate plant species for the area, without detailed reference to

percent cover, as part of a program of range assessment. A list

of dominant plant species present is given in Table 8-1, as

compiled from these mapping data. In general, two plant com-
munities can be recognized and are distributed physiographi-

cally as follows:

(1) A sage-grassland community (Artemisia tridentata,

Alriplex cam'.scens, Salsola kali, Sarcobatus vermicu-

latu.v, O0,zol?sis hvmenoides. Bouteloua gracilis, Hi/aria
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Figure 8-2. Ground coverage of the aircraft multispectral scanners and radar systems over the Lisbon Valley test site:
(a) the Bendix 24-channel sca_ner and the 8-channel NS-001 Thematic Mapper Simulator
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Figure 8-2. Ground coverage of the aircraft multispectral scanners and radar systems over the Lisbon Valley test site:
(b) the 11-channel M2S and the X-band aircraft radar
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Table 8-1. Dominantvegetationtypes for the LisbonValleyareaa

Vegetation Scientific Common Name
Type Name

Grasses Agropyron cristatum Crested wheatgrass
,4. subsecundum Bearded wheatgrass
Bouteloua gracilis Blue grama
Hilariajamesii Galleta grass
Oryzopsis hymenoides Ricegrass
Sporobolus cryptandrus Spike dropseed grass
Stipa comata Needle-and-thread grass

Amelanehier utahensis Utah serviceberry
,4rtemisia tridentata Great Basin sagebrush
Atriplex canescens Four-wing saitbush
,4. confertifolia Shad scale
CercocarFussp. Mountain mahogany
C. led!folius(?) Mountain mahogany
C. montanus Mountain mahogany
Chrysothamnus sp. Rabbit brush
C. nauseosus Rabbit brush

Ephedra sp. Mormon tea
Eurotia lanata Wooly winter fat
Gutierrezia sarothrae Broomweed
Purshia tridentala Antelope binerbrush
Salsola kali Russian thistle
Sarcohatus vermiculatus Black greasewood
Solidago purnila Rock goldenrod

Juniperus osteosperma Utah juniper
Pinus edulis Two-needle pifaon pine

Shrubs

Trees

Prepared from unpublished BLM mapping data.

(2)

jamesii, Agropyron cristatum, and Stipa comata) occu-

pies tops of sandstone mesas, broad alluvial areas within

eolian deposits and bottoms of modern streams, places
where relatively thick soils have developed.

A pifion-juniper community (Pinus edulis and Juniperus

osteosperma with Artemisia tridentata, Cercocarpus
montanus, Purshia tridentata, Atriplex canescens, and

Bouteloua gracilis) occupies moderate to steep slopes

and rocky outcrops of limestone and sandstone where

soils are absent or poorly devclopcd. Measurements from

transects show that the plant cover may vary from bare

outcrops to 70 percent coveragc in areas of pifion-juniper.

Large areas were cleared by chaining with a bulldozer

to remove the tree cover as part of a BLM land recla-
mation program. These chained areas were rcseeded with

grasses, and shrubs and grasses now cover these sites.

IV. Soil Type and Distribution

The soil distribution map (Figurc 8-3) covering Lisbon Val-

ley and adjacent areas is taken from the U.S. Soil Conservation

Service general soils map of the Canyonlands area, Grand and
San Juan Countics, Utah. The tbllowing descriptions are taken

from the unpublished Description of the Canyonland Area,

Utah, General Soil Map for Broad Land Use Planning (1980).

All of the soil types present are dominantly well drained, occur

on nearly level to steep slopes, and are characteristic of types

present in a dry, subhumid climate zone.

Lisbon Valley, Lower Lisbon Valley, Big Indian Valley,

East Coyote Wash, and Middle Mesa arc covered by Palm&

Cahone, and Hagerman mixed soil types (unit 8, Figure 8-3).

This general map unit represents moderately deep to very deep

soils developed on nearly level or gently sloping terrain of up

to 8 percent grade in eolian deposits and in alluvium dcrivcd
from sandstone.

Palma soils are generally deep and well drained and occur

on upland benches and cuestas. Source materials are eolian

deposits derived predominantly from sandstone. The surface

layer is yellowish-red, very fine-grained sandy loam. The sub-

soil may consist of yellowish-red, very fine sandy loam and

fine sandy loam. Below this to depths of as much as 48 in.

the soils are reddish-yellow, fine sandy loam and loamy fine

sand. The vegetation on these soils is mainly big sagebrush,

blue grama, galleta, and winter fat.

Cahone soils are generally deep and well draincd and occur

on upland benches and cuestas. Source materials are mainly

eolian deposits derived from sandstone. The surface layer is

yellowish-red, line sandy loam. The subsoil is yellowish-red,

sandy clay loam. Below this to a depth of 60 in. or more the

soils are pink, line sandy loam and loam. The vegetation on

these soils is mainly big sagebrush, crested wheatgrass, and

scattered Utah juniper.

Hagerman soils are also found on upland benches, and cues-
tas are moderately deep and well drained. These soils fi)rm on

eolian deposits. The surface layer is brown, very fine sandy

loam. The subsoil is brown, sandy clay loam. Below this to a

depth of 30 in. or more the soils are strong brown, sandy loam.
The vegetation is mainly big sagebrush, snakewced, globe

mallow, and blue grama.

Soils covering the terrain of largely bedrock exposures adja-

cent to Big Indian Wash, Lisbon Valley, and Lower Lisbon

Valley are classified as mixed Rizozo Rock outcrop-lldefonso

soil types. Unit 9 (Figure 8-3) is mapped mainly on upland

benches, cuestas, and fans on slopes ranging from 3 to 30
percent. The vegetation on the soils in this unit is mainly pifion,

Utah juniper, big sagebrush, Mormon tea, and galleta. Rizozo
soils arc shallow and well drained and have formed from resid-

ual and eolian deposits. The surface layer is yellowish-red,

gravelly, fine sandy loam. Subsoils to a depth of 14 in. are

reddish-brown, sandy h_am, clay loam, and fine sandy loam.

Rock outcrops arc soil free. Ildefonso soils form on alluvial
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Figure 8-3. Soil map for the Lisbon Valley area (adapted from the general soils map of the Canyonlands area, Grand and San Juan Counties,

Utah, as prepared by the U.S. Soil Conservation Service, Moab, Utah, 1980)
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fans and are deep and well drained. The surface layer is brown,

very stony, fine sandy loam. The subsoil is commonly brown,

cobbly, fine sandy loam, Below this to a depth of 60 in. or

more the soils are light brown and pink, very gravelly line

sandy loam and extremely cobbly loamy sand.

The sDping area below Deer Neck Mesa is covered by ,nixed

Ustic Torriorthent-Ustoltic Calciorthid-Ustollic Haplargid soil

types (unit 10, Figure 8-3). These soils occur mainly on hill-

sides, landslides, and escarpments on slopes 10 to 60 percent.

Vegetation consists mainly of Utah juniper, pifion, Indian rice-

grass, Utah serviceberry, and Mormon tea.

Ustic Torriorthent soils occur on escarpments and landslides.

They may bc shallow or deep, but are generally well drained.

They form in colluvium derived from sedimentary rocks. The

surface laycr is yellowish-brown, cobbly sandy loam, Below

this to a depth of 15 to 60 in. or more the soils are brown to

light gray, vcry cobbly or very gravelly sandy clay.

Ustollic Calciorthid soils form on south-facing escarpments

and hillsides. They may be shallow or deep, but are generally

well drained. Thcy fi_rm in colluvium and residuum derived

dominantly from shalc and sandstone. The surface layer is

strong brown, gravelly fine sanely loam. The subsoil is strong

brown, finc sandy loam and loam. Below this to a depth of 15

to 60 in. the soils are pink and light brown, gravelly loam and

sandy clay loam.

Thc Ustollic Haplargid soils occur on north-facing hillsides

and landslides. These soils are very dccp and well drained.

They &)rm in colluvium derived dominantly from shale and

sandstone. The surfacc layer is strong brown and reddish-brown,

stony sandy loam. The subsoil is light reddish-brown and strong

brown, stony sandy clay loam. Below this to a depth of 60 in.
or more the soils arc pink and yellowish-red, stony silty clay

loam and sandy clay loam.

Dry Valley represents an arca covered by Begay-Wind-

whistle-lldefonso mixed soil types (unit 6, Figure 8-3). These

soils are moderately deep to very thick and are characterized

in part as excessively drained. They represent soils developed
on gently.' sloping surfaces in alluvial deposits, in eolian accu-

mulations, on benches, on terraces, and in valleys.

Begay soils form on benches, on temtces, and in valleys.
These soils are very deep and somewhat excessively drained,

They form in alluvium and on eolian deposits derived domi-

nantly' from sandstone. The surface layer is reddish-brown,

line sandy loam. The subsoil is yellowish-red, fine sandy loam.

Below this to a depth of 60 in. or more the soils are yellowish-

red and reddish-yellow, loamy line sand. The vegetation is
mainly big sagebrush, spiny hopsage, snakeweed, and blue

grama.

Windwhistle soils occur on benches and in valleys. These

soils are moderately deep and well drained. They form in eolian

deposits over sandstone derived dominantly from sandstone.

The surface layer is yellowish-red, very fine sandy loam. The

subsoil is yellowish-red, very fine sandy loam. Below this to

a depth of 46 in. the soils are light reddish-brown, fine sandy

loam and loamy fine sand. Typically such soils are 20 to
40 in, thick. Thc vegetation is mainly galleta, four-wing salt-

bush, big sagebrush, Indian ricegrass, and Mormon tea.

Ildefonso soils of this unit are on benches and fans. Thcse

soils are very decp and well drained. They form in alluvium

derived dominantly from sandstone and shale. The surface

layer is brown, gravelly fine sandy loam. The subsoil is brown,

gravelly fine sandy loam. Below this to a depth of 60 in. or

more thc soils are pinkish-white and pink, very gravelly fine

sandy loam and extremely gravclly fine sandy loam. The veg-

etation is mainly blackbrush, snakewced, and blue grama.

The soil unit subdivisions of Figure 8-3 represent the data

presently available concerning the soil types of this area. The

classification used is too generalized and the scale of the map
is generally too small to permit a comprehensive assessment

of the image data for soil mapping purposes. Aircraft and
satellite scanner images may be of great assistance in such

mapping problems, particularly where units are separable on

the basis of characteristic colors or characteristic plant com-

munities. Later the soil map of Figure 8-3 is compared with a

geologic map and with aircraft scanner data for the area.

V. Geologic Background

A. Stratigraphy of the Lisbon Valley Area

Table 8-2 provides a summary of the stratigraphic column

for the Lisbon Valley area. This information plus subsequent

lithologic descriptions have been compiled chiefly from Bohn
( 1977). Hire and Cater (1972), 1tuber (1979), Jacobs and Kerr

([965), Lekas and Dahl (1956), Loring (1958), Parker (1966),

Schneider et al. (1969), Stokes (1956), Weir and Dodson (1958a,

[958b, 1958c), Weir et al. (1961), and Wood (1968). Lith-

ologic descriptions are supplemented by licld obserwations made

as part of the present study. Rocks older than the Pennsylvanian

Itennosa Formation are not exposed in the anticline, but are
known from well data. Pre-Pennsylvanian strata are included

in this compilation to facilitate later discussion of the possible
relation of mineral deposits to oil and gas accumulations m the
anticline.

I. Pre-Permian stratigraphy and petroleum relations.

The pro-Permian stratigraphy is summarized in Table 8-2. Nonc

of these sediments crop out in the study area. The middle and

lower Cambrian section is represented by shale, siltstone, and
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Table 8-2. Stratigraphy of Lisbon Valley area

| :0 rm a lic,n
Age Group Member Lithologic Description

Upper Pleistocene
and Recent

Upper
Cretaceous

Lower

('retaceotls

f-olian and Light-brown. red. and grayish-yellow wind-deposited sand and silt in thin

alluvial stlects covcrin_ tops t/l" mesas and plateaus: grades into stream-deposited sand 5(i "

and sill in valley botloms.

- uncon fc,rmily

Mancos Shale Dark-gra) r fissile marine shale. Not exposed in area. 500 f-

Dakota Open marine to shoreline and stream chanDe] sandstone conglomerate, shale.

Sandstone mu,.tstone, and coal. Basal o.mglomerate includes cobbles and 200

bc, ulders from Burro ('anyon Formation.

B U r r() ('it i1 _r (_ n

I:ormalion

Upper Morrison

Jurassic Forulation,

P,r u s h.v Basin
Member

Thickness.

ft

Lagoonal. shoreline, slreanl channel, and mudflat ,,andstonc and

conglomerate, variegated mudstone, and dct>e gray lin]cstc, nc in 200, variable

thin beds.

Grayish and reddish bentonitic mudstone, prorninent dark-brown

lenticular conglomeratic sandstone at base.

225 .

Upper and

Middle Jurassic

San

RafilcI

G ro u p

Upper and
Middle Jurassic Glen

-- ('all _,on

Upper (;roup
Triassic

M iddle ('?) and

Lower Triassic

IMorrison For- Light-brown ]enlicuiar sandstone interbedded with reddish mudstone. ('on-

nlation, Salt tains thin beds of gray dense limestone at base. Uranium vanadiunl deposits

Wash Member occur chielly in sandstone in upper part.

Smnmerville Reddish. thin-bedded mudstone with grayish-yellov, bed in mMdle part 130
Formation of formation.

lmtrada (;ravish-?,ello,.v. red. and brown, line-grained crc, ssbedded sandstone. 180
Sandstone

('arme]

f:ormation 75

Red siltstone and line-grained sandstone, gradational contact with overl)ing

Entrada Sandstone; may cc,rrelate with Icaver part of Fntrada ([)ewe) BrMgc

Member).

u ncor_t'orrnil_ .....

Navajo White and gra,,ish-yellow, crossbedded, fine-grained sandstone with a few
lO0 31)(I

Sandstone dense light-gray to bull" limestone lenses in lov,'er part.

Kavcnta Red and purplish-red, line- to coarse-grained crossbeddcd sandstone irrcgu-

l:ormation larly bedded with rcd sihstone. Upper and lower contacts gradational and 25 250

locally intcrtonguing.

Wingale

Sandshmc

LIpper ('hinlc
]:ornlalion

lVloss Back

blember,

Chinle

];ornlation

unconl'ormil}

Mocnkopi
t:ornlation

Gra,,ish-orange to reddish-brown, fine-grained crossbedded sandstone. ('ream

to bull" ("bleached") facies in northwestern and southeastern

exposures in Lisbon Anticline contain trace quantities of asphalic resMuc 300

coating grain surlaces and interstitiall}, hx.'allv abandanl ill

bleached facies, especially near Lisbon Valle.v Fauh

Red, light-brown, and gray sandstone and conglomentte: red, purplish-red.

and greenish-gray mudstone. Indelinite basal zone. Ahercd green zone a few

inches thick parallel to contact but transecting small-scale crossbedding strut- 300 600

lures where ill contact with "'bleached" facies of tile o,,erlymg Wingatc
Sandstone.

kig.ht-brown and gra,, sandstone and congkmlerate and grasish-green

nluds[one: contains nlajor ur,3niUlll mineralization.

Medium- to dark-brown, thin-bedded mudstone, siltstoncs, and line-grained

sandstone, l)ocs not crop out m field area. Probably prcsent in subsurface

n,,)rtheast of Lisbon Valle.,. Fault.

lOI)

(I 55()
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Pernl ia n

Penns_hanian

Mississippian

Devon ia n

U ppcr ('ambrian

Middle and

I.owcr ('an]brian

Prccambrhm

Pin kerlon

lrai]

Formation

Molas

|:ornlalion

Age Group

Table 8-2 (Conlinued)

t'ormation Thickness,
Member I ithologic Description ft

tipper Cutler Maroon, red. purple, and inoltlcd grayish-yellow and grayish-purple con

f:ormation glomerate, conghm_cratic, and coarse- to line grained arkosic sandstone

intcrbcddcd 'Aith dark hro_ n. red, and purple sillstonc: some thin gray chert 550 4500

beds lind isolated gra) limestone lenses near base. Basal conlact locally

gradational.

tlncorl fornlit,, ......

Lower Culler Sandstone lcnscs in upper part of Cutler Formation near Moss B_,ck oulcrops

Formation contain small uranium vanadh£m deposits. "Sugar sand" ix a prominent

light hro,,vn, localh bleached-mottled sandstone unit containing traces of bio-

tite. This unit suhcrops beneath the unconlbrmit+,, at the base of('hinle For- 500 800

marion and underlies large uranium deposits m the Moss Back Member.

I ormation ix di,,ided b\' an unconformil\.' into upper and lower parts hx

Parkcr 11966). Represents marinc elastic tidal fiat and fluvial transition facies.

Honakcr (;rax I'ossiliferuu,, marine limestone interhcddcd with brown to reddish-

Irail hrms n. fine- to coarsc-graincd sandstone and reddish, yellowish, and greenish- t600 1900
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sandstone and the upper Cambrian section by dolomite. Ordo-

vician and Silurian rocks are missing from the sequence or are
not identified. Dolomite of the Devonian Aneth Formation rests

unconformably upon the Upper Cambrian Lynch Dolomite.
Above the Aneth lie the Devonian McCracken Sandstone and

Elbert and Ouray carbonate rocks. The McCracken and Ouray

act as petroleum reservoirs, but they are not porous and, con-

sequently, are poor producers (Parker, 1966).

The Pennsylvanian section is very different stratigraphically

from the Mississippian and Devonian sections, containing

in the Paradox Basin an evaporitc sequence totaling 5000 to

6000 ft in thickness, and a thinner complementary facies of
shelf carbonates.

The basal Pennsylvanian unit is the Molas Formation, which

consists of a radioactive red shale together with siltstone and

limestone. ]'his fl)rmation is separated by an unconformity

from Mississippian rocks beneath, along which approximately
145 ft of Leadville Dolomite was removed prior to deposition

of the Pennsylvanian unit (Parker, 1966, p. 1384). The Molas

grades upward to carbonate rocks of the lower Hermosan Group

(Pinkerton Trail Formation). This formation in turn grades

upward into an cvaporite sequence, including salt, anhydrite,
black shale, and dolomite, which constitutes the Paradox For-

mation that was deposited in the deeper part of the Paradox

Basin. Units of the Paradox are arranged in a cyclic fashion;

29 such evaporite cycles can be recognized in the deeper part

of the basin and in the section at Lisbon Valley (Hire and Cater,

1972). A typical evaporite cycle consists predominantly of
chemical rocks layered in accordance with solubility: (a) silty,

calcareous, dolomitic, argillaceous organic-rich black shale,

(b) silty dolomites, (c) nodular and laminated anhydritc, and

(d) halite with or without potash salts. Boundaries of the Par-

adox cycles can be defined on the basis of black shale units,
but more conveniently on the basis of disconfl)rmities present

atop each halite unit.

The cvaporitc cycles can be correlated across the salt basin

into equivalent cyclic carbonate facies on the southwestern

shelf of the basin that include (basal) algal limestone, silty
dolomite and limestone, black argillaceous shale, siltstone,

sandstone and silty dolomite, and pelletal-foraminiferal lime-
stone (Ilite and Cater, 1972).

The Upper Paradox Formation reprcsents such a carbonate

shelf lithofacies. Above the Upper Paradox are carbonate and

elastic rocks of the Upper l{ermosa Honaker Trail Formation,

which represent a return to depositional conditions similar to

the preevaporite beds.

The Pennsylvanian (sapropelic) black shale beds have been

suggested as potential source rocks fl)r oil and gas accumulation

in the Paradox Basin (Peterson and Hite, 1969). Parker (1966)

suggests the possible presence of indigenous oil and gas in

each of the Devonian, Mississippian, and Pennsylvanian res-

ervoirs. But it also seems likely that some oil and gas have

migrated to the Mississippian and Devonian rocks since the

Pennsylvanian source beds have been juxtaposed by faulting

and t/owage against the older Paleozoic reservoir strata. How-

ever, in the Lisbon field area the crude oil and gas compositions

of hydrocarbons found in Devonian, Mississippian, and (Her-

mosa) Pennsylvanian rocks are each different, though they

possess similar correlation indexes (Parker, 1966).

A few petroleum occurrences have been found in the Paradox
salt and in Honaker Trail sandstone (Parker, 1966). The Par-

adox reservoir is a thin, nonporous earthy dolomite with anhy-

drite, and is nonproductive. The llermosa sandstones in the

Lisbon field area are not productive because these beds crop

out and are buried at a depth of only a few hundred feet. The

tlermosa sandstones are productive on the northeast (down-

thrown) side of Lisbon Valley Fault, where they arc found in
a faulted anticline and are buried at an average depth of 4000 ft
beneath the surface.

2. Permian and later stratigraphy. Detailed discussions

of the stratigraphy of rocks exposed in the anticline are avail-
able in numerous publications describing the mineral deposits.

The stratJgrapbJc units of interest as ore-bearing fi_rmations or

for the remote sensing observations are described below.

a. Cutler Formation. Thc Cutlcr Formation of Permian age

is composed predominantly of a tluvial sequence of red beds

including dark maroon, red, and purple conglomerates, con-

glomeratic and coarse- to fine-grained arkosic sandstone
intcrbedded with dark brown, red, and purple siltstone. In the

mineralized area, the formation ranges from 900 to 1800 fl

thick. A prominent erosional unconformity is located at the

top of the forlnation throughout the salt anticline area. The
lk/rmation thins from erosion over the salt anticline. Massive

sandstones as much as 50 ft thick are found within the fi)r-

mation. These units are well sorted and fine to medium grained

with saccharoidal texture, the so-called "'sugar sands." The

units are quartz-rich with feldspar and minor dark biotite and

may represent coastal dune lields reworked into longshore bars

(Campbell, 1981). They have a mottled appearance where
bleached of iron-oxide pigment. Such sands tend to be heavily

bleached in their upper parts, giving way to unbleached rock

heavily pigmented with iron oxide at the base.

Uranium in the Cutler Formation is fl)und in the central and

norlhern part of the Lisbon Valley area in the upper part of

the formation in distributary fluvial sandstones (CanTpbell, 1981).

Uranium ore pods crop out about 100 fl stratigraphically below
the Cutler-- Chinle contact and a thousand feet or so northeast
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(updip) of the west escarpment of Big Indian Valley. Additional
occurrences of ore arc found in the massive sandstone units

where these subcrop beneath Moss Back ore bodies. (Moss

Back stratigraphy is described below.) Red Cutler sandstones

are discolored green (reduced) adjacent to ore bodies in the
Moss Back; according to Wood (1968), the thickness of a

bleached zone below the unconformity is apparently not directly
related to the size or distribution of ore, but rather to the

thickness of the more porous of the Cutler sandstone beds.

Where the authors have observed such effects (Spiller Canyon),

the greenish and bleached zones extend a few inches to one

foot from ore pods. Green and bleached rocks not associated

with mineralization also occur. Bleached sandstones crop out

at the surface and may be identified in the images. Greenish

Cutler rocks have no obvious outcrop expression because of

the small physical scale of the discoloration and thorough mix-

ing at the surface ill the debris and soil layer.

b. Chinle Formation, The Chinle Formation of Upper Trias-

sic age consists of fluvial and lacustrine sediments and averages
about 400 ft thick along the mineralized zone. The lower Moss

Back Member is green to gray green and brown in color and

ranges from 10 to 80 ft thick. This unit was deposited on an

erosion surface cut into the Cutler Formation, Huber (1979)

recognizes two and possibly three fluvial channel systems in

the lower strata, representing deposits from stream systems

flowing generally west and northwest. The Moss Back Member

represents the major uranium host. The unit is predominantly

fluviatile, cross-bedded, calcareous fine- to coarse-grained arkose
with interbedded sandstone, mudstone, and calcarenite con-

glomcrate. Organic woody trash and coaly material occur in

sandy lenses and mudstones in and above the ore sandstones.

The upper portion of the member contains greater abundanccs

of calcarenite conglomerate and micaceous mudstone beds. The

lower part of thc member grades upward into red-brown, pur-
ple, Iavendcr, thin-bedded siltstones and mudstones of the Uppcr

Chinle Formation. The Upper Chinle is 275 to 400 ft thick

along the mineralized belt. The claystones are lacustrine, with
some bentonite, and are believed to have been derived from

volcanic ash. Such materials have becn suggcsted as a source
of uranium for the ore bodies beneath (Wood, 1968).

The angle of discordance between the Cutler and Chinle

Formations varies from 2° to 6° throughout thc Big Indian ore

belt. Paleotopography on the surface of the unconformity varics

from 5 to 30 ft. Wood (1968) remarks that relief is greatest in

the arca beneath ore bodics in the central part of the ore trend

where the largest Permian-Triassic uplift and erosion occurred.
However, the ore bodies are erratically distributcd with respect

to undulations on the unconformity. Topographic relief on the

surface evidently generated conditions conducive to develop-

mcnt of turbulent Moss Back streams with irregular courses.

Numerous intraformational conglomerates and sand lenses

resulted. These acted as the favorable sites lot eventual uranium

deposition.

Conspicuous bleaching of Cutler and Moss Back sediments

occurs along the unconformity in the proximity of ore. Wood

(1968) suggests that alteration in these places represents strong

reducing conditions, either from migratory humates derived

from local organic sources, from sulfur-bearing waters leaking

from oil and gas reservoirs beneath, or from uranium miner-

alizing solutions existing in the near ore mineralization.

c. Wingate Sandstone. The Wingate Sandstone is the lowest
formation of the Glen Canyon Group and is of Upper Triassic

agc. The sandstone crops out as a massive cliff former. It caps

the escarpment along the west side of Big Indian Wash and

fl)rms a dip slope on the southwcstern limb of Lisbon Valley

Anticline. The sandstone is approximately 300 ft thick.

Throughout most of the area the lower portion of the formation

is very massive, with large-scale cross-bedding. The upper 100 ft

of section is also cross-beddcd but divided into numerous layers

of sandstone, and the rock has a less massive appearancc.

Two facies of Wingatc Sandstonc are of special interest here

as possible significant guides to uranium distribution: (1) an

unaltered or unbleached portion, and (2) an altercd or so-called

blcached section. Mineralogical, petrographical, and chemical

data on these two rock types are summarized in Table 8-3.

The principal outcrops of the unaltcred unit occur from approx-
imately Mi Vida Canyon southward to roughly I mi south of

Big Indian Wash in the area of Littlc Valley (Figure 8-4). The

unaltered or pristine Wingate facies consists of salmon-color

to red-pigmented fine-grained sandstonc (Figure 8-5) composed

predominantly of quartz with 15 percent microclinc and pla-

gioclase fcldspar and scarce biotite. The rock has a matrix

predominantly of calcitc plus hematite pigmcnt.

Altered facies of sandstone crop out from Mi Vida Canyon
northward to North Alice Mine where the sandstone is truncated

by the Lisbon Valley Fault. To the south, bleached facies occur

along the southern boundary of T30S, R25E as far east as

Costanza Mine, where the unit is truncated by the Lisbon

Vallcy fault system and its tributaries. In contrast to the unal-
tcrcd facics, bleachcd rock is white to buff in outcrop appear-

ance (Figures 8-6 and 8-7), although in some places on cliffs

it may be red duc to wash from ovcrlying red rocks.

The bleached Wingate facies is typically a fine-graincd cross-

bedded sandstone composcd predominantly of quartz with very
little microclinc. Calcite and hematite are absent, and kaolinite

is abundant in the matrix. Buff-colored portions of the blcached

facics typically contain submillimeter-sizcd, evenly dispersed,

limonitic patches, possibly derived from alteration of pyritc.
Loring (1958) has discussed limonitic nodules in the Wingate

8-13



Table 8-3. Petrographic X-ray and chemical analyses of bleached and unbleached Wtngate Sandstone

(a) Thin section analysis

Rock

Unaltered

Altered

Mineral

Iron
Heavy Quartz K-Feldspar Plagioclase Mica Calcite Oxides Porosity Sorting

Magnetite Mainly Fresh Scarce Biotite As clasts Hematite 30% Poor

garnet microcline (scarce) and in in matrix (medium')

matrix

Mainly Scarce Scarce White None None Low High
altered altered mica

to day to clay

Clay

<1 5%

Kaolinite

montmoril-

lonite in matrix

Unaltered ---

Rock Quartz K-Feldspar

<2 #m clay Major Major < I-5% Minor

unoriented biotite

white

mica

<2 _tm clay Minor Minor <1 5% <1"4

oriented

Whole Major Major

sample

(b) X-ray diffraction analysis

Mineral

Plagioclase Mica Calcite Iron Heavy
Oxides Clay ChloriteMinerals

Vcry minor Very minor < l 5_ Major
to trace hematite

Trace Trace Major Minor

hematite kaolinite

montmoril-

Ionite +

chlorite

Minor White Very minor Trace Trace Minor Very minor

+ trace hematite kaolinite grossularite

Other

Trace

pyroxene
biotite

major pyrite chalcopyrite

Rock

Unaltered

Altered

(c) Density and chemistry

Density, g/cc
Description

Rock Silt

Poorly sorted arkosic siltslone 2.676 2.647

Well-sorted quartzitic siltstone 2.655 2.666

Chemistry (Wet & AA), wt %

Fe _' Fe +2 Fc ' 3

0.36 0.04 0.32

0.18 0,18 0,00

(d) Grain sizes

Sieve Size, Rock, wt %

mm Unaltered Altered

>0.495 0.88 7.67

>0.351 1.38 3.47

>0.246 5.38 5.31

>0.147 15.76 42.33

>0.090 60.98 27.13

>0.074 9.33 8.29

>0,053 3.12 3.51

>0.045 1.25 0.45

>0.037 0.58 0.62

>0.030 0.56 0.53

<0.030 1.63 0.74

Rock

(e) Infrared reflectance bands

Mineral, _, _m

Fe _ 3 Clay OH CO s

Unahered 0.88 2.20 1.42

Altered 0.65 2.18 1.40

2,35
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relationship. This relationship is explored in detail below where

the distribution of bleached rocks is mapped. North of Expec-

tation Canyon the entire section of Wingate strata consists of

bleached rock. Interlayered bleached and unbleached strata

extend southward from this point to Big indian Wash where

the section is predominantly unbleached. At Big Indian Wash,

the laminated bleached and unbleached section is thin and

occupies the upper portion of the formation. In southern expo-

sures of the Wingate south of Little Valley, bleached and pig-

mented sandstone interfinger throughout the stratigraphic sec-

tion. These rclations may be sccn in the center of the aerial

view of Figure 8-6.

Figure 8-5. Unbleached Wingate Sandstone at Big Indian Wash,
Lisbon Valley

Sandstone reported to bc pseudomorphous after pyrite, tlow-

ever, in specimens studied thus far, obviously pseudomorphous

pyrite or limonitic forms were not identified. Residual asphaltic

material has been identified as grain coatings and matrix fillings

in the bleached facies from outcrops near Columbia Mine and

Costanza Mine, and fiom cores at the Rio Algom production

shaft on the northeast downthrown side of the Lisbon Valley

Fault. The asphaltic residues are characterized (distinguished

from biotite) by gold fluorescence in carbon tetrachloride when

excited under ultraviolct light.

Bleached rocks may be more friable and less resistant to

weathering. Prominent .joint systems present in unbleached por-

tions of the section (visible in Figure 8-4) may not extend

upward through bleached strata. From field observations and

study of aerial photographs, the bleached and unbleached facies

are connccted by a stratigraphically complicated intertonguing

If Wingate bleaching has genetic significance as a guide to

the distribution of Moss Back uranium, an important relation-

ship is the age of such alteration relative to the age of miner-

alization. The age of bleaching is not definitely established.

Some constraints are as follows: Bleached Wingate strata are

displaced by the Lisbon Valley Fault or related fault structures

at both the northwestcrn and southeastern ends of IJsbon Valley

Anticline, which indicates that the alteration is older than the

pre-Laramide age of faulting. The Wingate rests conformably

upon Chinlc red beds beneath. Chinle strata are altered green

where they contact bleached Wingate: this indicates that the

time of bleaching is after the development of red pigmentation

of the Chinlc and at some time after deposition of at least a

portion of the Wingatc. The upper Wmgate contact with Kayenta

red beds is gradational and locally intertonguing (Figure 8-8).

In this relationship detailed boundaries between unpigmented

Wingate and red Kayenta rocks are preserved, suggesting that

unpigmented sands were available to participate in such de-

positional processes in Wingate time. Bleached strata may also

be truncated in intratkmnational scour structures (Figure 8-9),

suggesting that unpigmented strata were prcsent in the section

at thai time.

The interpretation of such relationships depends upon history

of the lk_rmation of the pigment in these rocks and detailed

permeability relations between rock units, neither of which is

well understood at Lisbon Valley. To interpret age relations

in the channel structure depicted in Figure 8-9, it must be

assumed (I) that pigmented rocks were present, and (2) that

bleaching occurred in the section as an intraformational event

prior !o channeling. Walker el al. ( 1981 ) have discussed the

history of pigment development in the Moenkopi Formation.

They show that multiple post-diagenetic episodes of hematite

crystalti/alJ_m and rctlistribution have occurred in thcsc strata.

Gabelman (1981, personal communication) has described

euhedral magnetite in red sandstonc of the Cutler Formation

that he intcrprets to represent post-depositional introduction of

iron. DcvelopnTent of pigment in !he Wingate may have had

a complex histo_' similar to !hal described by thcsc investigators.

8-16



8-17



Figure 8-7. Ground view of the bleached Wingate Sandstone facies,
NW 1/4, Sec. 1, T31S, R2SE. Note thinner bedding near the top of for-
mation and massive character of the unit near the base.

An alternate interpretation of time relations for the channel

structure depicted in Figure 8-9 is that bleaching postdates

scowering. In this case, the distribution may be governed by

detailed variation in permeability between the strata. The

bleaching would then be post-depositional and offer no con-

straint on its time of origin.

Based on the photogeologic mapping described below, the

anticline (hence, the bleached strata contained therein) may

have undergone a small additional deformation since cessation

of at least one episode of bleaching. The inferred additional

rotations probably coincide with l,aramide or post-Laramidc

anticlinal growth and faulting, but thc timing is uncertain.

Superimposed upon thc inferred older events are additional

post-diagenetic changes, including modern hydrologic effects.

For example, the Wingate Sandstone as opposed to the Upper

Chinle or Kayenta strata is a good aquifer at the present time

and readily carries surlhce rainwater to depth in mine workings.

d. K_vtwm YormaS_m. The Kayenta Formation (Caner and

Gualtieri. 1965; Craig and Dickey, 1956) is the middle for-

mation of the Glen Canyon Group and is of Jurassic (?) age.

The formation rests on the Wingate Sandstone with which it

has locally an intertonguing relationship (Figure 8-8). In the

study area, the formation consists of reddish-brown and pur-

plish-gray, line- to coarse-grained sandstone with cross-beds

irregularly interbedded with red siltstone. The composition is

made up of subrounded quartz with minor mica, feldspar, and

dark minerals. The Kayenta Formation crops out in a series of

ledges and benches. The upper beds of the Kayenta are less

resistant and lbnn a broad bench that extends to the /dOt of

the Navajo Sandstone cliff. From examination of aerial pho-

tographs it is possible to subdivide this unit in the study area

into two and possibly more informal members based upon

differences in color: however, this subdivision has not been

worked out.

The Kaycnta Formation is easily distinguished from the Win-

gate Sandstone, beneath where the latter formation is bleached

{unpigmcnted), since bleaching is confined in detail to the

Wingatc. Examination of the contact relations, which are gen-

erally not well exposed, shows a transition of depositional

environment from one favoring development of massive strata

with cross-bedding characteristic of the Wingate to thin bed-

ding representative of ltuvial conditions of deposition for the

Kayenta.

Thc Kayenta Formation is approximately 200 fl thick

throughout most of the study area, but it appears to thin in the

southern part of the area near the axis of the Lisbon VaLley

Anticline.

e. Nav_(jo Sandstone. The uppermost formation of the Glen

Canyon Group is the Nawljo Sandstone of Triassic (?) and

Jurassic age (Carter and Gualtieri, 1965: Craig and Dickey,

1956; Peterson and Pipiringos, 1979). This fonnation con-

formably overlies the Kayenta Formation, with which it has

an indefinite intertonguing boundary. The Navajo forms steep

cliffs, rounded slopes, and hogbacks. The Navajo is fine- to

medium-grained massive sandstone which is light gray to pale

brown m color. Based on the locally reddish color of this unit

in southern Utah and elsewhere (Peterson and Pipiringos, 1979).

the Nav_tjo may have been bleached of its original iron-oxide

pigmentation in the Lisbon Valley area. The sandstone has

large-scale tangential cross-beds which, together with its color,

easily distinguish it from the Kayenta beneath. The Navajo is
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Figure8-9. Intraformationalchannelingandapparenttruncationof
bleachedlaminae in theWingate,SE 1/4, Sec. 3, T30S,R24E

weakly cemented and consists of rounded to subrounded quartz

with minor quantities of feldspar and dark minerals. The large-
scale nature of the cross-bedding indicates the formation is

predominantly eolian in origin, although thin beds of limestone

occur near the base. The sandstone is approximately 250 ft

thick throughout the study area. Carter and Gualtieri (1965)

note irregular and abrupt thinning adjacent to the axes of anti-

clinal salt structures in Paradox and Castle Valleys to the east
and north, which indicates that the anticline had been active

prior to or during deposition of the formation. A similar thin-

ning is observed over the axis of Lisbon Anticline in the south-

ern part of the study area.

B. Geologic Relations at Lisbon Valley

A geologic map of the Lisbon Valley area, compiled from

the published maps of Carter and Gualtieri (1957a, 1957b);
Weir and Dodson (1958a, 1958b, 1958c); Weir and Puffett

( 1960); and Weir et al. ( 1960a, 1960b, 1961 ), is given in Figure

8-10. An index map of locations for these quadrangles is shown

in Figure 8-11. The total area covered by the mapping shown

is approximately coincident with that covered by the NS-O01

Thematic Mapper Simulator images of the region. The geologic
descriptions provided in this section will facilitate comparison

between the existing geologic maps and the image interpre-
tations described later.

The main diapiric salt structure comprising Lisbon Anticline
(Figure 8-10) is a composite structure consisting of two side-

by-side NW-trending anticlines separated by the steeply NE-

dipping Lisbon Valley Fault. The Lisbon Valley Anticline,
whose southwest limb and crest are exposed on the south-
western side of the fault, has marine limestone and sandstone

of the Pennsylvanian-age Hermosa Formation exposed in the

axial region. Southwest across the limb, the Hermosa For-

marion is overlain by the Cutler Formation. This formation is

separated with angular unconformity from the Moss Back
Member of the Chinle Formation (the Moss Back is subdivided

in the geologic mapping of the tigure only in the northern

portion of Lisbon Valley Anticline). Above the Moss Back is

the upper Chinle Formation. The Chinle Formation is capped

by the Wingatc Sandstone which, in turn, i_ overlain by the

Kayenta Formation and the Navajo Sandstone. To the south

of Lisbon Valley Anticline at Deerneck Mesa and on Three

Step ttill (Figure 8-10) are exposed nearly flat-lying rocks of

Jurassic age, including the Carmel, Entrada, Summerville, and
Morrison Formations. Thin-bedded mudstones and limestones

of the Carmel Formation and red sandstones of the Entrada

occur to the west and northwest of the Lisbon Valley structure
near Colorado Rock.

Northeast of Lisbon Valley Fault lies the axis of the Lisbon

Canyon Anticline expressed at the surface in rocks of the Burro

Canyon Formation and Dakota Sandstone. The Lisbon Canyon

Anticline is cut in the axial region by minor normal faulting

that exposes sediments of the Jurassic Morrison Formation.

To the northeast of Lisbon Canyon Anticline lies the NW-

trending East Coyote Wash Syncline developed in rocks of the

Burro Canyon Formation and Dakota Sandstone. The synclinal

axis closely tk_l[ows the course of East Coyote Wash. Relations

in this structure are accentuated by the irregular distribution of

Quaternary sediments that occurs atop outcrops of the Dakota
and follows drainage courses determined by the synclinal align-

ment of dips.

The Lisbon Valley normal fault trends approximately N 50° W

parallel to the axes of both of the anticlines. The fault dips

northeast at approximately 58° at the surface, but the dip may

shallow at depth to the northeast (Parker, 1966). The approx-
imate displacement is 2000 ft. Near the southeastern extremity

of the anticline (See. 35, T30S, R25E) this fault bifurcates.

Rocks exposed in the intervening triangular wedge include a

complete section from the Moss Back Member of the Chinle

through the Mancos Shale. Some of these units (such as thc

Wingate, Kayenta, and Navaio) arc considerably thinner here

than in other exposures elsewhere in the area, indicating ero-

sional thinning or nondeposition on the anticlinal axis. Except

for short segments near the southern and northern extremities

of the anticline, the Lisbon Valley Fault is buried beneath

Quaternary gravel and eolian deposits.

C. Geologic History of the Salt Anticline

Geologic development (7I"salt anticlines in the Paradox Basin
has been discussed by lille and Cater (1972) and by Stokes

(1956); at Lisbon Valley the geologic history has been sum-

marized by Lekas and Dahl (1956), Parker (1966), and Wood
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(1968). Geologic events leading to development of Lisbon

Anticline are summarized below, based on discussions by Hite
and Cater (1972), Parker (1966), and Wood (1968).

(1) Uplift and faulting occurred in Precambrian time, with

development of a Precambrian erosion surface.

(2) Cambrian through Mississippian strata were deposited.

Ordovician and Silurian strata were missing because

of nondeposition or erosion.

(3) Faulting and folding occurred in late Mississippian time,
with development of a Lisbon structural feature before

deposition of the Early to Middle Pennsylvanian Molas

Formation (Parker, 1966). The thinned Mississippian

strata coincide in position with the present structural
configuration of reservoir rock in Lisbon field.

(4) Oil and gas accumulated in Mississippian and Devonian
reservoirs (?).

(5) Erosion took place during Late Mississippian and Early

Pennsylvanian time, thinning the Mississippian strata
over structural highs.

(6) In Pennsylvanian time a deep basin developed south-

west of the NW-trending Uncompagre Uplift into which
rocks of the Molas, Pinkerton Trail, and Paradox Salt

and Honaker Trail Formations were deposited. Penn-

sylvanian black shale source beds provided additional
oil and gas to Mississippian-Devonian reservoirs.

(7) Salt movement began prior to deposition of Lower Perm-

ian Cutler rocks, and possibly as early as Late Par-

adox time, probably through tectonic movements on

the fault system developed in Mississippian time (Els-

ton and Landis, 1960). Most salt flowage took place
after development of an unconformity identified by Par-
ker (1966) to divide the Cutler Formation. After Lower

Cutler deposition and initiation of rapid salt movement,

local depressions formed. Erosion from topography

surrounding such lows initiated Upper Cutler deposi-

tion. with subsequent large augmentation by sediments
from more distant sources.

(8) Jurassic through upper Cretaceous strata were depos-

ited with recurrent salt movement throughout the inter-

val in response to differential loading. The recurrent

nature of motion is evidenced by nondeposition of the
Moenkopi Formation and by reduced thicknesses of the

Chinle Fornmtion, Glen Canyon Group, and other rocks

through Morrison in age over the crest and llanks of
the salt anticline.

(9) By the end of San Rafacl time (Jurassic), salt flowagc
from areas adjacent to the anticline ceased with exhans-

(10)

(11)

tion of the supply of salt there. The salt anticlines were

beveled prior to deposition of Morrison and later rocks.

Aftcr deposition of the upper Cretaceous Mesaverde

Formation, anticlines formed along the old salt anti-

cline structures in response to deep-seated deformation

apparently controlled by Precambrian basement struc-

tures. These structures were of widespread influence
throughout the basin.

Collapse of the crests of the salt anticline occurred in

two stages widely separated in time. During the early

(post-Cretaceous) stagc, grabens formed along crests

in a structurally simple pattern of collapse. A second

period of collapse began after uplift of the Colorado

Plateau. This post-Miocene uplift rejuvenated move-

ments that eventually breached the crests of these fold

structures, in some cases exposing the salt core to solu-
tion and removal.

D. Emplacement of Mineral Deposits

Miller and Kulp (1963) provided uranium-lead isotopic ages
and sulfur isotopic evidcnce on the origin of Colorado Plateau

uranium ores, including those of Triassic and Jurassic age at

Lisbon Valley.

Theories of origin for these ore deposits must satisfy the

isotopic data as well as geological and other geochemical

boundary conditions.

(1) An upper (maximum) age limit of approximately 210
m.y. constrains the age for the bulk of uranium miner-

alization because the deposits occur in Upper Triassic

and Upper Jurassic strata and are not rcworked from

earlier deposits.

(2) Basement rocks of the Colorado Plateau are about 150

m.y. old.

(3) The deposits are found in porous sandstones generally

with organic debris.

(4) The Colorado Plateau deposits taken together are scat-
lered over a 150,000-mi 2 area.

(5) Solution and deposition of uranium have occurred in
recent geologic history.

(6) Based on experimental evidence (Miller, 1958), H2S can

precipitate uranium as pitchblende from solutions con-

taining ppb dissolved U; these uranium concentrations

are cornmon in Colorado Plateau groundwater. In addi-

tion, all of the unoxidized ore deposits contain abundant
sulfide.

The measured U-Pb isotopic ages of ores in the Colorado
Plateau range from 22 to 255 m.y. Those in Lisbon Valley
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span the interval 85 to 207 m.y. The ages, calculated on the
basis of 238U-2°6Pb and 235U-2°7pb, agree within 5 percent,

but a few disagree by more than experimental error and show

lower 238U-2°6pb ages (Miller and Kulp, 1963). These U - Pb

ages and 2°7pb3°6pb ages are typically discordant, the latter

being older. Peaks in the distribution of 235U-2°7pb ages over

the Plateau occur near 200 to 220 m.y. and 60 to 110 m.y.,

which is interpreted to signify at least two major depositional

episodes or alteration events. Two hypotheses have been pro-

posed to deal with these problems: (1) loss of radiogenic lead

subsequent to mineral formation, and (2) incorporation of old

radiogenic lead at the time of mineral formation. The original

radiogenic lead hypothesis (2) was proposed by Stieff et al.

(1953) to explain discordant U-Pb ages observed for Colorado
Plateau ores. Their measured isotopic ages clustering near 60

m.y. were suggested to represent the (end of Laramide) age

of uranium deposition and older 235U-z°7pb ages by variable

contributions of radiogenic lead from older (up to 1500 m.y.)

basement sources of pitchblende. Numerous difficulties with

this hypothesis were pointed out by Miller and Kuip (1963),

who proposed instead the alteration lead-loss hypothesis.

The lead-loss hypothesis assumes that pitchblende was

deposited early in the history of the enclosing sediments and
that subsequent perferential loss of radiogenic 2°6pb relative to

2°7pb accompanied more recent geochemical alteration events.

The observed isotopic ages are lower than the true ages on this
basis. Preferential loss of an intermediate isotope in the 238U

decay series such as radon or radium is a possibility. Such

losses are probably enhanced by groundwater activity.

Some sulfides present in all the Colorado Plateau ores show

extensive fractionation of the sulfur isotopes; this requires the

action of anaerobic bacteria (Miller and Kulp, 1963). These
organisms do not metabolize above a temperature of 80 ° to

90 ° C. Chinle ore deposits are found to be localized in and

near accumulations of organic trash. These observations sug-

gested that uranium-bearing solutions encountered bacterially

produced H2S environments and led to low-temperature for-

mation of pitchblende and iron sulfides.

The following origin and history of Colorado Plateau ores

are based on the geochemical and isotopic data of Miller and

Kulp (1963). During or shortly alter deposition of the sedi-

mentary rocks, groundwater containing a dilute solution of

uranium passed through H2S-saturated environments. Precip-

itation of uranium occurred in these low-temperature environ-
mcnts. The initial sources of uranium could have included the

basement, surface rocks, or permeable rocks containing the

present ore bodies. The uranium from these was supplied to

the host sandstones by hydrothermal solutions. Groundwater

action subsequent to ore deposition produced losses of radi-

ogenic lead in amounts yielding the observcd isotopic ratios,

The model of ore genesis proposed by Wood (1968) and

summarizing most of the evidence available at that time is

similar to the model of Miller and Kulp (1963). Wood discounts

the role of hydrothermal activity. The uranium is believed
indigenous to the Chinle Formation, released from siliceous

glass by diagenesis. Gaseous CO2 from Mississippian oil and
gas reservoirs is thought to play a role in the dissolution and

transport of uranium. Coalified plant material together with

natural gas or sulfide solutions from the oil and gas reservoirs

beneath cause ore precipitation in favorable sites. Emplacement

occurred in a static period following deposition of the fluvial

Chinle. Deposits were positioned within the ore belt either

along a water-gas connate-vadose water interface near the

crest of the ancestral Permian anticline or near subcrops of

porous Cutler or Moenkopi sediments on the Triassic-Permian

unconformity.

The mechanisms described require the presence of carbona-

ceous debris or external sources of reductants to precipitate
uranium. Uranium deposits in the Permian Cutler Formation

at Lisbon Valley have been described by Campbell (1981). In

these deposits no significant organic carbon was found in the
ore zones, and formation of the ore bodies occurred without

any obvious reductant.

The precise timing of events leading to mineralization of the

Cutler and Chinle rocks is not known. The maximum age is

provided by ages of the enclosing rocks. Thus the Chinle ore
bodies are no older than Triassic and the Cutler ore bodies no

older than Permian. A major hiatus represented by an angular

unconformity separates these two formations. The ore bodies
are continuous across the unconformity. No geologic evidence

known to the writers has suggested both Permian and Triassic

mineralizing episodes; therefore, the time of mineralization is

Chinle or later. The Pb-U ages are of course uncertain, but

Miller and Kulp (1963) argue that the distribution of ages points
to a Triassic age of emplacement. Mineralization of Jurassic

or later age is found in the Morrison Formation both to the

south and to the north of the study area. These later mineral-

izing episodes may have contributed to the Lisbon Valley deposits

or to their reorganization in part.

E. Exploration and Mining History

The exploration and mining history of Lisbon Valley Anti-

cline has been summarized by Wood (1968). The following is

cxcerpted from that paper.

1. Exploration history

The first discovery of uranium-vanadium ore on the Lis-

bon Valley anticline was made in 1913, at the south end
of the anticline, on outcrops of basal Chinle sandstone.

in 1948, low-grade uranium deposits were discovered and
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developed in Uppcr Cutler sandstone outcrops along the
center of the southwest flank of the anticline. These were

the deposits that attracted Charles Steen to the area. In

July 1952 Steen drilled the famous 70-foot deep discovery

hole on the Mi Vida claim just off the Big Buck claims

and clown dip from the mines in the Cutler Formation.
He encountered about 13 feet of uraninite ore in the Moss

Back sandstones, about 100 feet higher stratigraphically

than anticipated. Following this discovery, claim staking

and exploration drilling progressed rapidly to the north-

west and southeast and continued with intensity through

1956. During this ensuing period, the following deposits

in the ChiMe were discovered by drilling in the north half

of the Big Indian ore belt: Standard (Big Buck), Little
Beaver, Louise, Texwood-Stinko, lke-Nixon, La Sal,

Columbia, San Juan, Cord (Jen), Radon (Hecla), Far West,

and North Alice. A peak in exploration was reached in

1955, when 647,000 feet of drilling was reported. By

mid-1956, exploration drilling began to taper off. By the

end of 1964, over 4500 holes totalling about 2,200,000
feet had been drilled in the search for uranium on the

anticline, and over 3000 holes, spaced 200 to 500 feet

apart, had been drilled within the delineated ore belt. This

intensity of drilling argues against the existence of any
undiscovered large ore deposits in the drilled areas, although

a number of small ore deposits may remain undiscovered.

The discovery in 1962 and the mining of uranium ore in
1964 at the Costanza Mine in Secs. 26 and 35, T30S, R25E

established the existence of uranium ore on the northeast

side of a hinge fault that has more than 2000 fcct of

displacement. This high angle fault is one of the main

bifurcating faults at the south end of the Lisbon Valley

Fault. Between May 1964 and July 1965, Humeca Explo-
ration Company drilled five deep holes (2500 feet -+ ), in
the center of Sec. 21, and in the southwest corner of Sec.

22, T29S. R24E. Interpretation of Century Geophysical

Company gamma ray logs of these holes indicated that

two holes penetrated up to 33 feet of Moss Back sandstone
and 2 to 8 feet of uranium ore. This discovery established
the occurrence of uranium ore in the downthrown block

northeast of the main Lisbon Valley Fault at the north end

of the anticline. [These deposits are currently under pro-

duction by Rio Algom Corporation.]

In 1978, Atlas Minerals announced the discovery by drilling

of a major mineral body in the center of Sec. 3, T31 S, R25E,

adjacent to the Velvet deposit in the NW 1/4, NW 1/4, Sec.

3. The stratigraphic position of this new mineralized zone is
uncertain and has been tentatively assigned to the Cutler as

opposed to the Chinle section. The new deposits may actually
lie in the Moenkopi Formation. From drill core data the Moen-

kopi is present on the flanks, but is not exposed in the axial

region 0["Lisbon Anticline.

2. Mining history

Vanadium ore production from the Chinle Formation at
the Divide and Serviceberry Mines in south Lisbon Valley

was reported in 1917, 1940, and 1941. These same mines

were reopened in 1948 for their uranium content. Also in
1948, the Big Buck Mines in the Cutler Formation in Big

Indian Valley were mined for uranium. Intermittent pro-

duction from these small deposits continued until 1952.

In December 1952, Stcen shipped the first ore from the
Mi Vida Mine.

Production from the Moss Back sandstone beds has ranged

from two to six million pounds of U3Os per year and

reached a peak production of over 6,377,000 pounds in
Fiscal Year 1958. Due to the exhaustion of a few of the

major ore deposits, the ore production rate started drop-

ping in 1960 and has leveled off to about 4,000,000 pounds

per year.

In the central and southern deposits, the vanadium content

is high enough for that metal to be extracted economically.

During the 1948-56 period, vanadium was extracted from

ore that was shipped from these mines to some of the

processing mills on the Colorado Plateau. However, most

of the ore has been processed at the Atlas Corporation
alkaline leach mill at Moab, Utah, and to date this mill

has recovered only a small amount of vanadium on an

experimental basis. Molybdenum assays ranging up to

0.25 percent are common but very spotty in the Big Indian

ores. Those deposits with anomalous molybdenum, such
as the North Alice, South Almar, Mi Vida, Standard,

and Velvet, normally assay only 0.03 to 0.07 per cent

molybdenum.

Up to July I, 1965, about 6,147,000 tons of ore at a grade

of 0.39 percent U_O_ containing about 48,530,000 pounds

of U3Os, had been mined from deposits in the Big Indian
ore belt, including production from the Cutler Formation.

Continuation of operations to 1971 was anticipated to

result in a total production of about 57 million pounds of
uranium oxide ....

Vl. Reflectance Properties of Cover Types

A. Background

The visible and near-infrared (VNIR) reflectance (0.45 to

2.5 _m) properties of rock and vegetation types tot the Lisbon

Valley test site are presented here. Ground reflectance was

determined by in sire field measurements, by laboratory studies

of outcrop samples from [ield sites, and by analysis of aircraft

multispectral scanner data. The reflectance of sedimentary rocks

and of various vegetation types is presented here.
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The sedimentary rocks of interest here consist predominantly

of continental elastics. Major pigments are iron oxides; clays

and carbonate cements contribute additional important features

to the reflectance spectra.

The vegetation present consists of lichen, grass, shrubs, and

evergreen (pifion-juniper) tree cover. This cover is diverse in

species and highly variable in extent. The vegetation compo-

nent can thus make an important contribution to the macro-

scopic (pixel size) reflectance determined from the scanner

data. The reflectance properties of plants are dominated by the

presence or absence of the pigment chlorophyll and by the

abundance of imbibed and free water. These are properties that
characterize the health or vigor of plant materials. Plants with

an open branching structure contribute a variable-density shadow

component. The shadow component may dominate the reflec-

tance from heavily tree-covered areas. Some field spectral

reflectance measurements of shadow effects are presented in

the Patrick Draw, Wyoming, Petroleum Test Site Report, Sec-

tion 11. The reflectance properties of plants (grasses and shrubs)

are also seasonally dependent. This aspect of the reflectance

can only be evaluated qualitatively because plant surveys coin-
cident with the times of the aircraft scanner overflights (June

1976 and August 1978) are not available.

In addition to sedimentary rock outcrops and vegetation,

soil, alluvial, eolian, and landslide deposits cover large areas

of the surface throughout the study area. The distribution of

soil cover types was mapped in a preliminary survey by the
USDA Soil Conservation Service and has been summarized

above. These subdivisions of soil cover are done in a gener-
alized manner at a small map scale and have limited value in

interpretation of the image data. Alluvial, eolian, and landslide

deposits have been mapped in the area by thc U.S. Geological

Survey. All of these deposits have extensive soil and vegetative

cover. Quaternary alluvial deposits occupy the bottoms of mod-

ern streams and the tops of mesa-li)rming units, such as the
Navajo Sandstone and Dakota Sandstone, where cxtensive grass

and shrub covcr develops. Eolian cover is widesprcad in Big

Indian Valley, Landslide deposits are found extensively on
slopes underlain by nonresistant shales of the Morrison and

Burro Canyon Formations. Extensive landslide deposits occur
on the flanks of Deerncck Mesa, where they are covered by

thick stands of pifion-juniper. These soil and alluvial cover

types are diverse. No field spectral measurements have been
made of such units.

Characterization of diverse cover types is a problem to which

the multispectral _anner data naturally apply. Three approaches

are possible: ( 1) absolute identification using the spectral reflec-

tance by matching aircraft scanner data with laboratory and

lield spectra, (2) resolution of mixed targets (multiple pixel or

subpixcl in size) in to specilied but perhaps uncharacterized end-

member components, and (3) relative classification into groups

based on training data sets. Approaches (1) and (2) are dis-

cussed here. Refer to thc Lost River, West Virginia, Petroleum

Test Site Report, Section 12, h)r an application of classification

methods to vegetation problems. Use of images to provide

"absolute" broadband spectral reflectance requires a calibra-

tion step to remove instrumental and atmospheric effects. An

analysis of this problem and details of the required calculations

are given in Appendixes A and B.

The problcm of mixed sccnes (pixels with mixed cover types)

has been encountcred in crop inventory studies using Landsat

data (for an up-to-date survey of methods, see Feiveson, 1979).

The usual approach to this problem is a statistical one (Horwitz
et al., 1971, and papers citcd in Feiveson, 1979), but all

approaches share use of the simple areal-additive photometric

law of mixing.

A geometrical but nevertheless closely similar method based

on use of either principal axes or canonical coordinates is

developed hcre. This method and its applications are presented

in Appendix E. The method permits separation of mixed spec-

tral collections into end members present. Advantages of the
method are:

(1) It employs the linear reduction properties of these
transforms.

(2) The calculations can be done by hand once the principal

components are available, or it can be carried out using

the BMD software (Dixon, 19741 to provide canonical
variables.

(3) It provides an easy geomctrical representation of thc
results.

(4) The raw uncalibrated spectral radiancc data not corrected

lot atmospheric effects may be used.

Field spectral measurements have been carried out using the

JPi, Portable Field Reflectance Spectrometer (PFRS). This

instrument operates in the spectral rcgion 0.45 to 2.5 Ixm and
measures bidirectional rcflectancc of thc undisturbed surface

with respect to the field standard Fiberfrax '_ with a spectral

resolution htAh of approximately 100. The area covered in a
typical observation is approximately 200 cm 2. The spectral

regions 1.3 to 1.5 ixm and 1.75 to 2.0 Ixm are excluded because

of strong atmospheric water extinction. Optical and electronic

design of the instrument and procedures of data reduction are

dcscribed in the Tcchnical Appendix, Section 14. Hand spec-

imens were collected routinely at all ficld sites for laboratory
analysis.

Laboratory spectral reflectance measurements were made

using Beckman DK2A and Beckman 5240 Spectrophotome-

ters, both of which opcrale in the spectral region (1.4 to
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2.5 Ixm. The laboratory instruments measure hemispherical

reflectance with respect to smoked MgO with a spectral res-

olution h/Ah of 100 to 500. Laboratory samples are usually

pulverized and the P32 (<0.49 ram)mesh size fraction analyzed

on loosely packed samples as a simple means of standardizing

the measurements.

Aircraft multispectral scanners measure bidirectional radi-

ance in discrete spectral intervals. The bandpasses for instru-

ments used in these studies are included in Table 8-4. The

fields of view are between 50 and 225 m 2.

The reduction of radiance values to equivalent average sur-

face reflectance uses model assumptions needed to eliminate

atmospheric and instrumental parameters. These are discussed

in Appendix A. In general, a linear relation of the form

DNi = ki'pi + k['

holds with good approximation between average surface reflec-

tance _ and encoded scanner radiance DNi for each scanner

channel i. The k/ and ki" are constants determined empirically

by comparison to field spectral reflectance data discussed in

Appendix B. Ultimately, the determined nondirectional reflec-

tance measures _ are referenced to the Fiberfrax ¢_'field reflec-

tance standard.

The laboratory data are used routinely to interpret spectral

features present in the field measurements. The field data in

Table 8-4. Bandpasses for the Bendix 24-channel scanner and fhe
NS-001 used for image analysis at Lisbon Valley

Channel Bendix 24-channeD'/tm NS-00 I, #m

1 0.34-0.40 _ 0.45 0.52

2 0.52 0.60 _
3 0.46-0.50 a 0.63-0.69 E i_
4 0.76-0.90 _ _

5 0.57 0.63 d 1.00 1.30
6 0.64 0.68 ax 1.55 1.75

7 0.71 0.75 d 2.08- 2.35

8 0.76 0.8(l d 10.4- 12.5

9 0.82 0.87 d

10 0.97 1.05a

I 1 1.18-1,30 d

12 1.52 1.73J

13 2.10 2.36 _''J
14 3.54- 4.00 b_

;'Channels listed were operable and noise free during the June 1976 over-

flight at Lisbon Valley.

hChannel was used in the three-color composite, Figure A-I.

_Additional channel was used only in PC analysis of vegetation removal

(described in Paragraph VIII. D).
J(?hanncl was used for canonical lransform image, Figure S 3(1.

_ChzlllllCl wil_, excluded fronl PC analy_,i_, Of VCgt?l_lliOll rClllOvitl.

turn form a basis for interpretation of the scanner results, but

detailed photometric reconciliation of the three measurement

sets is generally not made.

B. Laboratory and Field Spectra of Sediments

Sedimentary rocks are the only lithologies present in the

Lisbon Valley area. The laboratory and corresponding field

reflectance spectra of representative outcrops exposed on the

flank of Lisbon Anticline are shown in Figures 8-12 and 8-13.

A location map of the field sites studied is given in Figure

8-14. These reflectance spectra generally are dominated by

absorption bands contributed from Fe ÷ 3, OH, and free water.

The spectra of some sedimentary rocks are discussed by Hunt

and Salisbury (1976). The following descriptions include some

lithologic details to facilitate the interpretations.

1. Cutler Formation. This formation includes red, purple,

and deep-maroon iron-oxidc-pigmented sediments with granitic

clasts and quartzose sugar-textured sandstones. To varying

degrees, the sugar sands have been bleached of iron-oxide

pigmentation to form mottlcd mixed red, purple, green, and

(10_ NAVAJ0

0.5 1.0 1.5 2.0 25. 3.0

WAVEENGTH._m

Figure 8-12. Laboratory hemispherical reflectance curves for sedi-
ments exposed in Lisbon Anticline. Numbers next to curves give the
reflectance values at 1.0/_m.
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buff outcrops. The deeply pigmented Cutler facies (curve 1,

Figure 8-12) shows strong absorption fcatures from Fe +3. Fer-

ric oxide produces a characteristic falloff in reflectance toward

the blue, with the wing of a strong ultraviolet absorption near

0.5 t.tm and a well-defined band at 0.85 p,m. A very broad,

shallow absorption feature residing between 1.0 and 2.0 ptm
is characteristic of many ferric oxides (Conel et al., 1978) and

may arise from the presence of quadrivalent titanium impurities

and oxygen vacancies in the hematite lattice. Morin (1954)

discussed the origin of this tcature and has shown that it emerges

when synthetic pure hematite is artificially dopcd with titanium

(Figure 8-15). Such pigments may develop from weathering
of ilmenite.

The reflectance of the Cutler red beds also has weak bands

at 2.20 _m due to OH in clay and at 2.35 I_m due to carbonate.

The presence of kaolinite and calcite is confirmed by X-ray

diffraction (XRD) analysis of these samples. Prominent bands
due to OH (I.4 ixm) and water (I.4 and 1.9 lira) are also

present. The reflectance curve for bleached sandstone (curve
2, Figure 8-12) shows a decrease in the presence of absorptions

duc to Fe _3 and an increase in the strength of OH, water, and

CO; -' absorptions in carbonate. Thesc increases possibly resulted

when the bands were unmasked during the removal of strongly

absorbing iron-oxide pigments, or the bands may have devel-

oped with production of clay and introduction of carbonate

accompanying alteration of the rock.
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Figure 8-15. Absorption band centered near 1.65/tm, attributed to the
presence of Ti+4 in the hematite lattice (after Morin, 1954)

2. Moss Back sandstone and upper Chinle red beds. The

lower Chinle (Moss Back) sediments include brown and green

conglomeratic (cherty) sandstone, siltstone, and minor lime-

stone lenses. The reflectance spectra of greenish-gray Moss

Back sediments (curves 3, 4, 5, Figure 8-12) rise from the bluc

toward the infrared and show a broad, poorly defined absorp-

tion near 1,0 Hm due to Fe + 2 possibly present as constitutional

iron in a clay mineral. These curves are characterized by weak

bands due to OH absorption at 1.4 Hm, by strong bands due

to water absorption at 1.9 _m, by minor bands due to kaolinite

absorption at 2.2(I ixm, and by carbonate absorption at 2.35 _m.

The upper member of the Chinle Formation consists mainly

of thinly cross-bedded line sandstones and siltstones, mostly

red in color. The reflectance spectrum of sandstone from this

member (curve 6, Figure 8-12) again shows the strong ultra-

violet 0.85- and 1.6(?)-ixm absorption features characteristic

of ferric oxide with titanium impurities. A minor absorption

band at 2.20 txm from OH is probably due to kaolinite. Poorly

developed OH and water bands at 1.4 and 1.9 Hm are also

present.

3. Wingate Sandstone. Wingatc Sandstone in its unaltcred

(unbleached) state is a massively bedded pink to salmon-

colored, fine-grained sandstone. It is bleached (altered) of its

original color to a white or beige color throughout the northern

and southern parts of the anticline. Partial bleaching (interlay-

crcd bleached and unbleached strata) characterizes some por-

tions of the section over the remaining exposures.

The reflectance spectra of bleached and unbleached facies

fcurves 7, 8, Figure 8-12) portray these changes in mineralogy

and pigmentation, Altered sandstone is 10 to 15 perccnt bright-

cr than its unaltered equivalent. Unaltered rock is characterized

by intense ultraviolet absorption and a broad structure near

0.9 gin, both arising fiom ferric oxide. These features are removed

or greatly diminished in strength in the spectra of bleached

rock. A vcry prominent feature at 2.20 p,m due to OH in

kaolinite is present in both and is seen to be slightly strongcr

(unmasked?) in bleached sandstone. Unaltered sandstone

sometimes displays a very subtle absorption at 2.35 Ixm from

carbonate. From study of laboratory samples, the spectral

reflectance of bleached rock is similar in both northern and

southern outcrops in the study area.

Iron-oxide pigments in sandstone typically contribute a van-

ishingly small percentage of thc mineral assemblage present

and usually cannot be analyzed directly by XRD methods.

Spectral reflectance is a sensitive method of characterizing the

mineralogy of these compounds and is especially useful when

they are present in small amounts. A differential reflectance

technique (Conel et al., 1978) was used to examine the reflec-

tance properties of pigmentation alone. Pigment was removed

from a sample by dithionite-citrate extraction, and the resulting

clean sample was used as a reference in the spectrophotometer,

replacing MgO. The ratio reftectancc spectrum of pigmented

to unpigmented sample is shown in Figure 8-16. A comparison

of Figure 8-16 to Figure 8-12 shows that the resolution of the

.¢

40

--'--T ] T T

REFLECTANCE
PlGNENTED SANDSTONE

SANDSTONE WITH PIGM[NT REMOVED

1 - I 1 I

0.5 1.0 1.5 2.0

WAVEENGTH, /_rn

2.5

Figure 8-16. The differential hemispherical reflectance spectrum of
iron-oxide pigment from the unbleached facies of Wingate Sandstone.
Iron oxide was removed from pigmented samples by dithionite-citrate
extraction and the resulting clear sample used as a reference in the
specfrophotometer. The differential spectrum shows Fe _s absorption
bands in the ultraviolet and at 0.85 /_m, typical of hematite, and an
absence of OH and water absorption features, typical of goethite.
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(0.8 to 0.9 txm) Fe + 3 iron transition has been improved, allow-

ing it to be placed with greater certainty near 0.85 I_m. In

addition, OH, water, and carbonate absorptions have all been

reduced or removed. The resulting spectrum compares favor-

ably with that usually associated with hematite (see Conel et

al., 1978, for comparison spectra), but not goethite.

4. Kayenta Formation and Navajo Sandstone. The Kay-

enta Formation is a series of red, purple, and maroon fluvial,

coarse- to fine-grained sandstones stratigraphically located above

the Wingate Sandstone. The Navajo Sandstone atop the Kay-

enta is a white to buff, massive cross-bedded eolian quartz

sandstone with minor thin freshwater limestone lenses.

The reflectance spectrum of Kaycnta red sandstone (curve

9, Figure 8-12) shows moderately intense ultraviolet absorption

and a weak, poorly resolved structure near 0.85 to 0.90 _m,

both probably arising from ferric oxide. In addition, the spec-

trum shows weak structures attributable to OH and water and

a prominent band at 2.19 to 2.20 _m from clay.

The reflectance spectrum of Navajo Sandstone (curve 10,

Figure 8-12) displays the usual prominent ultraviolet (i.e., vapid

falloff in reltectance below 0.7 I_m) absorption and, in addi-

tion, weak structures near 0.9 and t.2 Ixm. The first of these

may arise from hydrated iron oxide (goethitic/limonitic) in which

the iron absorption shifts to a longer wavelength than that of

ferric oxide (hematite). A possible choice for the second is a

combination band (2v_ + v2) due to OH stretching (v_) and

ii O-H bending (1,2) modes (scc Hunt et al., 1971).

C. Spectral Reflectance of Vegetation

Laboratory reflectance measurements of Utah juniper (Jun-

iperus osteosperma), pifion pine (Pinus edulis), and Great Basin

sage (Artemisia tridentata) are shown in Figure 8-17 as exam-

pies of the spectral properties of vegetation types present in

the Lisbon Valley area. The detailed reflectance properties of

plants involve complex interactions of light with leaf mor-

phology, cell structure, intracellular spaces, protoplasm,

chloroplasts, and pigments (chlorophyll) contained within the

chloroplasts. Qualitatively, the major features of vegetation

reflectance arise from the pigments important in photosyn-

thesis, from the cellulose of cell walls, and from water containing

solutes within the cells themselves. The relevant spectral fea-

tures are discussed in detail by Gates ctal. (1965).

As illustrated in Figure 8-17, the reflectance of plants below

0.75 _m is dominated by the presence of chlorophyll and

carotenoid pigments. While about ten forms of chlorophyll

have been identilied, two forms are most frequent in higher

plants. Chlorophyll-a has two absorption peaks, at 0.43 and

0.68 txm, while chlorophyll-b absorbs at 0.46 and 0.66 txm.

The carotenoids (xanthophylls and carotenes) absorb in the
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Figure 8-17. Laboratory spectral reflectance measurements of juniper,
pifion pine, and Great Basin sage from the Lisbon Valley test site.
Prominent absorptions indicated are due to chlorophyll and caroten-
oids, imbibed water on cell walls (H20 (i)), and free water (H20 (f)).
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region 0.41 to 0.58 _m. Between these double-peaked absorp-

tions is a region of relatively low absorption (0.55 txm) cor-

responding to a spectral band of higher reflectance. Pigments
involved in photosynthesis fluoresce, possibly contributing to

the measured reflectance in the spectral region near 0.7 &m.

Chlorophyll shows a brilliant red fluorescence with the max-

imum fluorescent intensity at a slightly longer wavelength than

the red absorption maximum in chlorophyll extending out to

and beyond 0.73 txm.

The reflectance of green material beyond approximately

0.8 _m is characterized by strong absorption bands due to both

imbibed cell water and tree water. Absorptions due to the

absorbed comIx)nent occur at 0.98, 1.19, 1.73, 2.1, and 2.3 I_m,

while those from the free-water component are found at 1.47

and 1.97 _m in the plant specimens studied. Beyond 2.5 _m,

the principal absorption arises from the water fundamental

molecular absorption at approximately 3.0 _m.

The reflectance properties of stems and gray scaly parts of

twigs and bark are dominated by tannin dyes and cellulose.

Characteristically, the absorption bands due to chlorophyll dis-

appear and are replaced by an increased reflectance attributed

to the tannins (Figure 8-17). This results in a marked decrease

in slope near 0.7 _m, the so-called red rolloff. The loss of

free and imbibed water causes the reflectance, beyond i.4 I,tm,

of gray scaly material to exceed that found in the green parts.
All of the associated watcr absorption bands are of reduced

intensity in scaly dead cell material. These general changes

accompany senescence of all types of green plants.

To facilitate later comparisons with the derived scanner spec-

tral data, these reflectances arc shown in Figure 8- !8, averaged

over the NS-001 scanner bands. That is, the equivalent scanner

reflectances Pi are computed graphically from

Ahi(ii = fahi p(k)dh

where Ahi is the spectral bandwidth of channel i, and p(k) is

the laboratory reflectance at wavelength h. Considerable spec-

tral detail is lost by this band-averaging procedure. For green

plants, the characteristic chlorophyll absorption appears as a
sharp kink in the reltectance curve at 0.7 p,m. The reflectance

is dominated by a broad maximum centered near 1.0 _m and

cxtcnding between 0.7 and 1.6 _m. The position of this reflec-

tance maximum occurs in band 4 when the chlorophyll pig-
ments arc fresh and in band 5 (I.0 to 1.3 _m) when the

pigments are degraded.

In bark and twiggy material, the reflectance takes on a char-

actcristic rounded shape from the rcduccd role (or disappear-

ance) oF chlorophyll absorption. The maximum in the reflec-

tance curve shifts to band 6 (centered at 1.65 t_m) with

disappearance of chlorophyll and reduction of water content.

D. Spectra of Rock Units and Vegetation Derived

From Multispectral Scanner Data

The NS-001 multispectral scanner radiance data in channel i

(DN,) may be reduced to an equivalent Lambertian surface

reflectance, _s, using the linear relationship derived in

Appendix A,

DNi = ki'pi + ki" (i = 1,2 ..... p)

with constants k,' and k/evaluated from the NS-001 scanner

data (Appendix B) and from field measurements.
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Figure8-18. Broadbandspectral reflectancefor the NS-O01bands:(a)
juniper; (b) pifion pine; (c) sage. Curves were determined from the
laboratory data in Figure 8-17; horizontal bars refer to filter band-
passesof theaircraft instrument.
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Some examples of the scanner spectral data are given in

Figure 8-19. Locations of the image spectral sites are given in

Table 8-5. Vertical bars on spectral points in all cases refer to

_+ I o- scatter values in the observations derived from the image
sampling statistics. The horizontal bars are actual bandwidths

of the NS-001 scanner channels and have no statistical signif-

icance. To make connections with the field observations, ranges
of reflectance values derived from the PFRS observations over

the sample sites are plotted with each scanner spectrum. The

scanner sample areas are always large when compared to the
sites represented in the cumulative PFRS observations. For

example, the area covered by 10 pixels is roughly 2250 m 2,

whereas for 10 field spectra the area is 2000 cm 2. Thus, the

scanner spectral points represent averages of possibly diverse

cover types not resolved on the images, including soils, veg-

etation, and partially shadowed terrain. The macroscopic light-

ing conditions for the NS-001 data also generally differ from

conditions during which PFRS data were taken. Despite the

large differences in sampling, there is reasonably good agree-
ment between the two data sets.

The presence of absorption bands may sometimes be delin-

eated in the scanner spectra. Thus, the usually strong charge

transfer band below 0.5 I.tm (channel I) due to Fe ÷3 is well

defined in image spectra 5-22, 5-7, 5-12, 5-15, 5-4, and 6-9

(Figure 8-19). Chlorophyll and carotenoids in plants also absorb

strongly below about 0.75 p,m (Figure 8-17). The distinction

between ferric iron absorption and chlorophyll-carotenoid

absorption may not always be clear. Absorptions due to veg-

etation (pifion-juniper) are probably present in image spectrum

5-12, where the reflectance rises abruptly between bands 3 and
4 and the slope of the image reflectance curve is concave

upward. This agrees with the slope of the image spectra derived

for juniper, sage, and pifion from laboratory data in Figure

8-18. A well-defined band near 0.85 txm (band 4), probably
duc to Fc +3, is sccn in the spectrum of Cutler red beds (6-9).

Green strata of the Moss Back (5-1, 5-2) show a broad but

well-defined absorption near 1.0 _m (bands 4 and 5).

A few examples of the image spectra of vegetation types

and mixtures _f rock outcrops and vegetation are given in

Figure 8-2(1. In all cases, the vegetation types listed are taken
from preliminary BLM Range Forage Assessment Surveys of

the Lisbon Valley area (U.S. Bureau of Land Management,

Moab, Utah, unpublished plant survey data). The dominant

species present in each area are listed in relative order of
abundance.

Characteristic features of most of these spectra are the (i)

lack of any strong absorption assignable to chlorophyll in the

plants present, and (2) similarity to the spectra of predomi-
nantly (senescent) unpigmented cellulose material (Figure

8-17). The interpretation is that the outcrops sampled were
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Figure 8-19. Comparison of scanner-derivedNS-001 spectral reflec-
tance curves with field spectral measurements obtained with the
PFRS. Horizontalbars on the curves refer to filter bandpasses;verti-
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locationsgiven inTable8-5.

8-34



Flight lane
and Site No.

5-1

5-2

5-4

5-6

5-7

5-8

Table 8-5. Locations ol image spectral sites in NS-001 flight lines 5 and 6 at Lisbon Valley a

Sample Coordinate Numhcr
FormalJon or .........

Vegetation fspe Starting Starting l+ines Samplcn Pixds
Line Sample

Moss Back Mt.'Illber, ('hmlc 1636 800 6 14 84

Formation

Moss Back Member, ('hinle 1387 690 6 8 48

[:orm,:Uio n

Upper ('hinle Formation. 1423 630 8 8 64

25 ° slope

Allu;ium ',,vilhS.:ISL"gra_.;5. 1380 331 22 21 462

Kayenla Formation OIIIcI'Qp 1413 442 6 6 36

Kaycnta Formation _- pifaon 1413 453 l I 17 187

juniper

Wingate Sandstone, bleached. 1042 465 13 20 260

pifion uniper

Wingate Sandslone, bleached, 937 435 8 19 152

- pifion. _juniper

Wingate Sandstone, bleached 793 361 3 5 15

outcrop

Pihnn .juniper on I)aknta 745 54fl l I 6 66
Sandstone

Whlgate Sandstone, 1704 674 4 6 24

unbleached outcrop

\Vingate Sandstone, I817 899 8 9 72

unbleached oulcrop

Win gate Sandstone. 1789 916 13 [2 [56

unbleached. + pifion .iuniper

Navajo Sandstone outcrop 1803 537 10 8 8(;'

Nava.jo Sandstone and grass 1785 509 5 9 45

('uller Forlllation ottF..'rop 1717 788 33 34 1122

5-I0

5-11

512

5-13

515

5-2O

5-21

5-22

5-23

6-9

"Sample positions ill _i_rbe located b? referring to images in Figure C-I,

probably covered by dead grass or by shrubs or trees with

sparse leaves and needles at the time of observation (August 28,

1979).

An interesting spectrum is that of pifion-juniper mixed tree

cover on a substrate of Dakota Sandstone (5-13). Close exam-

ination of aerial photographs shows the tree cover to be con-

tinuous, Shadows are probably also present. No evidence of

chlorophyll absorption can be seen in the spectrum, leading to

the conclusion that the effect of the green parts (compare PFRS

spectrum of juniper needles) is largely subordinate to the purely

photometric effects produced by shadowing and/or reflectance

from woody parts, Some contribution of ground reflectance

may also be present.

Examination of the image-derived spectra for major rock

units exposed at the Lisbon Valley site shows that these are

characterized by reflectance differences Aff_ at all wavelengths

roughly 10 percent or greater. In addition to a general difference

in brightness (as measured by reflectance) of this magnitude

or greater, individual absorption bands due to Fe + 2 and Fe * 3

may sometimes be recognized. These differences are generally

10 percent or less. Vegetation modifies the reflectance by intro-

ducing shadows, by contributions from dormant or dead surface

litter, as well as by contributions from chlorophyll and water

absorptions. However, the presence of chlorophyll absorption

is subordinate and is seldom recognized in these data for this

test site. The estimated noise level in the image data of ,,XDN

_1 (see Appendix B) suggests that reflectance differences

A_ii on the order of I/k/ should be observable. From Table

B-l, A_i, <0.25 percent.

VII. Remote Sensing Objectives,
Models, and Approach

A. Introduction

Remote sensing methods, primarily aircraft scanner data,

were used to map the distribution of cover types, to separate

altered from unaltered rocks, and to relate the distribution of
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Figure 8-20. Image-derived reflectance curves for areas of vegetation
and mixed vegetation and outcrops. Horizontal bars refer to filter
bandpasses of the NS-001 scanner; vertical bars are _+1 o standard
deviation for the spectral sample size indicated; numbers in paren-
theses (5-12, etc.) refer to sample site locations given in Table 8-5.
Curve for Juniperus osteosperma is a PFRS spectrum.

alteration on the surface to uranium mineralization in the sub-

surface. The radiance data can easily be used to map variations

in surface cover and can be reduced to reflectance for inter-

pretation in terms of ionic or molecular absorption bands pres-

ent. Generally, however, aircraft scanners do not have suffi-

cient spectral resolution for mineral or plant species identification

based on characteristic absorption bands.

Photointerpretative methods based on scanner observations

are excellent for mapping variations in iron oxidation and are

generally superior to what can be accomplished by field inves-

tigation alone. The scanner data include the spectral region to

2.3 Ixm, which may provide additional absorption features

useful for rock-type or vegetation discrimination.

B. Connections Among Genetic, Exploration, and
Remote Sensing Models

The stratigraphic, structural, and mineralogical conditions

related to distribution of ore in the Big Indian District were

summarized by Wood (1968) as described previously. To describe

the genesis of these deposits, Wood invoked the so-called mul-

tiple accretion hypothesis of Gruner (1956), which has become

the basis of cxplanation for Wyoming-type roll-front sandstone

deposits. In this hypothesis, uranium is assumed to be leached

from sourcc rocks and carried as a uranyl (+6) carbonate

species in groundwater to sites where favorable reducing con-

ditions of deposition are encountered. Dcposition may be

accomplished by interaction with organic material entrained in

the section, or by reductants introduced from the outside, such

as petroleum or petroleum-rclated H2S supplied by the through-

flowing medium. Ore cmplacement is usually accompanied by

oxidation of pyritc upstream from the accumulations and by

concentration of pyrite in the orc zone itself.

These ideas are applied more loosely to the Lisbon Valley

(Big Indian District) deposits. Thus, thc uranium source rocks

are assumcd to be red beds of thc upper Chinle section, which

provided uranium to groundwaters from a tuffaceous compo-

nent. Accumulations of organic material occupying overbank

deposits in the lower Chinlc (Moss Back) section actcd as

reductant sources for deposition. The accumulations were gov-

erned in distribution by the geometry of Moss Back streams,

which in turn appear related to the orientation of the sugar

sandstone bodies of the Cutler scction. These sandstones abut

the angular unconlormity at the base of the Moss Back. No

bodies of altered rock corresponding to the alteration tongues

of roll deposits have been identified lbr thc Lisbon Valley

deposits, either in the section or cropping out at the surface.

The exploration strategy for Big Indian dcposits has been to

seek out extensions of thc Moss Back-Cutler channel system

on a piecemcal basis, using surface drilling and subsurface

mining methods. Exploration guides are thus largely empirical.

Individual operators have employcd their own proprietary

strategies.

With respect to surface guides to mineralization, Loring

(1958) and Gabelman (1970) noted that the Wingate Sandstone

was bleached of its usual iron-oxide pigmentation in outcrops

throughout the Big Indian Mining District. Loring and Gabel-

man describe in a general way the proximity of bleached rock
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above ore mineralization in the Moss Back Member and Cutler

Formation beneath. The bleached facies everywhere are sep-

arated stratigraphically from the ore-bearing horizons by
300 ft or so of unaltered Chinle red beds, with no exposed or

remnant connection between them. Gabelman and Boyer (1958)

have argued that examples such as this one represent trans-
gressive alteration, reportedly common to many mineral dis-

tricts in which the mineralizing agents emplace ore in one

stratigraphic horizon, pass through other strata without appar-

ent effect, only to alter selectively stratigraphically higher rocks.

Bleached rock by such processes has had its supposed orig-

inal iron-oxide pigment removed or possibly redistributed as

hydrated iron-oxide phases.

C. Approach

The aircraft image data, together with high resolution (<1 m)

ancillary color aerial photography, form the basis for lithologic,
stratigraphic, and structural studies of the Lisbon Valley test

site. The existing genetic models for the uranium deposits have

no direct consequences detectable from the images. The sep-

aration of bleached from pigmented facies, together with the

mapping of each, is however possible from the scanner image
data. Thus, the distribution of bleached strata was mapped and

the empirical correlation already noted between altered sand-
stone and mineralization distribution exploited.

For detailed geologic analysis, images were analyzed and

interpreted by use of overlays. Color boundaries were traced

from the images without reference to other data sources such

as maps or photographs except where noted. The image inter-

pretations were then compared with geologic, photogeologic,

soil, and vegetation maps to help identify the color units sep-

arated. These comparisons have led to recognition of units on
the inaage data not previously observed in the present photo-

geologic or earlier USGS geologic maps of the study area.

VIII. Interpretation of Multispeetral Scanner
Data at Lisbon Valley

A. Introduction

The airborne Bendix 24-channel multispectral scanner and

the 8-channel NS-001 Thematic Mapper Simulator data were

used to study the geology of Lisbon Anticline and to map the
distribution of bleached and unbleached Wingate Sandstone

throughout the length of exposure of this unit on the south-

western limb. The Bendix 24-channel data were acquired in

June 1976, before formal inception of the Geosat Project. As

shown in Figure 8-2, the area studied lies along a north-south

track and covers the northern exposure of Wingate outcrop and

stratigraphically adjacent rocks in the Big Indian District. Ten
channels of data lying between 0.45 and 2+35 _m are sufti-

ciently noise free to be useful in thcse analyses (Table 8-4).

The image has a spatial resolution of approximately 7 m and
constitutes the best scanner data set available for study of

detailed stratigraphic relations. Flight parameters and solar

position data for this data set are given in Table 8-6. The
NS-001 data have seven channels between 0.45 and 2.35 txm

plus a thermal channel in the interval 10.4-12.5 Ixm (Table

8-4). The images consist of three parallel overlapping flight

lines covering the entire Lisbon Anticline plus surrounding

areas to the northeast and southwest. Flight data and position

of thc sun for the NS-001 observations are also given in Table

8-6. These data are all essentially noise free and have a nominal

ground resolution of approximately 15 m. A good stereoscopic

effect occurs in the overlapping image strips. The image results

are reproducible; that is, color relations can be preserved from

flight line to flight line by detailed adjustments of the contrast

(cosmetic) stretches applied. Apart from a residual geometric

distortion, this has permitted a manual mosaicking of the three

flight lines together to form a single picture for the entire area.

Directional effects present in the data for regions of overlap

have been ignored in preparation of the mosaic. For the most
part these effects, which arise from differences in illumination

and viewing gcometry between flight lines as well as possible

directional properties of the surface reflectance, are small becausc

the sun is in the south and the flight lines are north-south.

The images used for interpretation consist of principal com-
ponent (PC), canonical transformation, and color ratio com-

posite (CRC) renditions. None of the radiance data have been

reduced to "equivalent ground reflectance"; i.e., they are referred

to as uncalibrated. As shown in Appendix A, calibration amounts

to application of a specialized linear transformation of the

radianccs.+ This linear transformation is always superseded by

other linear rescaling and cosmetic stretching transformations

required for computer processing and data display, it is always
tx)ssiblc to achievc thc same result without calibration by adjusting

the cosmetic part. The cosmetic transformation represents an

adjustment to improve visual appearance of the image data;

the calibration step for purposcs of image display is thus usually

superseded by other imagc transformations.

One basis for lirst-order evaluation of the image data is the

comparison with published geologic maps. The following ques-
tions are examined: (1) To what extent do image boundaries

delineated on the images recover the existing geologic units

and structure'? (2) Where are additional geologic relations such

1Digital number CDN) is representative of a voltage so the Lambertian (non-

directional) reflectance in Ihc calibration equation is interpreted as a propor-

tionality (ntmdmtcnsional) constant between radiance and voltage, s_,,ith the

appropriate units t_,w c_mversion contained in an additional multiplicative

factor.
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as alteration or rock typcs provided? (3) Are any relations

provided that are not observed in the aerial photographs?

The distribution of bleached Wingate facies had not here-

toforc been mapped anywhere in Lisbon Anticline. To fill this

gap in the existing geologic mapping, stereoscopic color aerial

photographs were used to map in detail the surface distribution
of bleached rocks. The spatial resolution of these photographs

is extremely good (<1 m), and the color and stereoscopic

coverage allowed important stratigraphic relations between

bleached and unbleached rock to be determined. These pho-

togeologic maps provided a basis for understanding all the color

relations in the highest resolution images and, in addition,

provided other mappable units not recoverable in the images.

The color aerial photographs of Lisbon Anticline were indis-

pensable in deciphering geologic relations depicted in the images;

these photographs were used extensively, together with the

published geologic maps, to support the interpretations presented.

All images and photographs depict surface effects, which

relate to rock outcrops; vegetation cover such as trees, shrubs,

grasses, and lichens; shadowing due to slopes and vegetation;
soils; eolian materials; and cultural disturbances such as drill

roads and pads, mine dumps, and areas cleared of tree cover.

In conventional aerial photographs at high resolution, the dis-

tinction of many of these is readily made, largely because of

familiar "textural" appearance. For example, shadows always

appear darker than sunlit areas. In areas of sparse tree cover,
individual trees may be separable as dark spots against a lighter-

colored background. Roads are obvious because they rep-

resent characteristic disturbances of the vegetation, topsoil, or

weathered covering. In images, however, the familiar textural

information is almost always absent because of poorer spatial

resolution, and the familiar color and brightness relationships

are translated to a new color system that is dependent on de-

tailed transformations in the image processing. Thus, shad-

ows may appear in any color depending on the image DN

scaling relations. Partially shadowed areas and terrain with

vegetation appear in still other ways. The color representing a
rock unit in an image may also vary with solar illumination.

An additional difficulty in using image data alone may be the

lack of stereoscopic coverage; stereoscopic capability is cru-

cial in sorting out stratigraphic and structural relationships.

The principal value of the image data is the discrimination of
correlative rock units together with the separation of various

cover types. Image data in these studies have not generally

contributed geologic data that are otherwise not available from

color aerial photographs. To interpret most image units present,

it has been necessary to refer to the photographs.

B. Geologic Relations From NS-001 Data

I. PC images. Figure 8-21 is a mosaic of three PC images

of the Lisbon Valley area prepared using seven bands (0.45-

2.35 Ixm) of the NS-001 data. In this rendition the second (V2
= blue), third (V3 = red), and fourth (V4 = green) com-

ponents have been employed. (Figure 8-22 is an index map of

the image interpretation and photogeologic mapping for the
area.) The covariance matrix upon which the transform for all

three lines is based was prepared by sampling the middle (line

6) of the three flight lines comprising the mosaic (transform I

of Appendix C). Initially three separate images were prepared.
The trans6)rms for each were obtained from analysis of the

convariance matrices peculiar to each flight line. A judgment
was then made of which transform provided the best color

separations of bleached and unbleached Wingatc facies together

with the best overall rock group separations.

Analysis of the "'physical" content of these components
revealed a large contribution from vegetation in the covariance

Dale

June 15, 1976;'

AuguM 28. 1979 _,

I.inc "_

[me 6

l.mc 7

Table 8-6. Aircraft flight parameters and solar position data for images acquired at Lisbon Valley

Altitude bkdar Zcnilh Solar

Apparent Solar Solar ,Magic Azimuth
Start GM I Start I.amudc S|tlrl l.ongitudc ,'kbovc lcrrain. Right Ascension I)cclmatiol_
Slop (;M 1 Slop I atitudc SI_)p l.oa.gitt]dc ft (Mean Position) (Mean l'ositi_>n)

2i h IS'" 211" _,8':' 183' N l(19" 15._' W _ 8(10 5 I' 38" 23" 20' 3U' 24' 34" W

21h 21" 25" _,8_ 04 I' N 1119 ¢' 16 6' \x,'

17 _' 12" 45 38 : {).42' N 1119 ° 16 5' W 16.31111 2(1h 27" II) ° 15' 40 ° 5_' 334 _ V

17 I_ 16m115 38 _ 19.0' N 109 '_ 165'W

17 _' 21"' (Is' t8' ItL0 ' N t/19 *: 130' W 14.7(1U 21)' 27" It) 1',' 40 ¢' 58' 334 _ I

17 h 24" 50' 38 _' 02.9' N 1{19 ° 129' W

17h {15" 3_)' 38 _ 17.7' N 109 ° 0t) 5 ' W 14,7{1(1 2() _ 27 TM I{1" 15' 4()" 58' 334 _ 1!

17 h (19" 00" 3g" (12.8' N 109 ° 09.4' W

"Bendix 24-channel scanner

)'NS 001 Themalic Mapper Simulalor
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Figure 8-21. PC image mosaic of Lisbon Valley area prepared using transform I from seven channels of NS-001 data (Mission 407, August 28,
1979). V2 = blue, V3 = red, V4 = green. Numbers refer to site locations described in the text.
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Figure 8-22. Index map of image interpretation and photogeologic mapping for the Lisbon Valley area

matrix for all lines. This is thought to result from extensive

sampling of heavily vegetated Quaternary sediments both north

and south of the anticline, but also from 10 to 70 percent

vegetation cover throughout the anticline itself. In an attempt

to improve separations resulting (mainly for Wingate rocks) at

this step, all three lines were resampled over areas restricted

largely to Wingate outcrops plus stratigraphically adjacent rocks.

Images were prepared from transforms based upon the average

restricted area covariance matrix (transfonn II, Appendix C)

using various color combinations and combinations of com-

ponents (VI, V2, V3) or (V2, V3, V4). None of these addi-

tional procedures produced results superior to the original ver-

sions. The final choice was a matter of subjective preference.

Therefore, the PC images were analyzed according to the line

6 transform (transform I); however, most of the relations to be

described could have been obtained using other versions as

well. Two additional versions of the PC data using transform II

are included in Appendix F for comparison.

Failure to secure improvement in the separations by restricted

sampling is at first a surprising result. This circumstance is

discussed in Appendix E. A summary of the argument follows.
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The Mahalanobis-like (Euclidean) distance-squared crite-

rion, representing separation in radiance space of spectral groups,

depends multiplicatively upon reflectance differences, trans-

form factors, and scaling factors. Real increases in the distance

of separation can be achieved by purely dilitational manipu-

lations of the space through the scaling factors, but the scatter

as well as the separation of group means increase by tbis process.

Restricting the sampling area for the transform in question
reduces the scatter about the mean values, but does not increase

the separation of group means. The inherent separation depends

upon differences in reflectance between the groups. However,
subsampling may be thought of as beneficial to the extent that

resolution of clusters is improved. Geometrically, adjustment

of the scaling factors is the basis of decor'relation enhancement

when applied to PC data. This method is usually discussed as

one for simply expanding the scatter by a nonlinear Gaussian

transformation to fill dynamic range (Soha and Schwartz, 1978)

plus an inverse transformation to the original color space to

preserve color relationships. Since rescaling (stretching) of the
PC data (but not the inverse transformation) is usually required

for display, the data space is routinely expanded to some extent

in the fashion described. The major benefits of the decorrelation

treatment are thus present in the PC transformation method.

2. Color relations in the PC data. The physical meaning

of the PCs has always been uncertain because general rules do

not exist for their interpretation. Mathematically, the succes-

sive components can be thought of as empirical basis functions

of an orthogonal series representation of the scene-averaged

spectral radiance. The separate terms of this expansion may

have physical meaning in the same sense as would, say, the
separate terms of a Fourier representation of complex motion

of a vibrating string. This is an application of the Karhunen-

Loeve expansion and is described by Davenport and Root (1958)

and by Wiersma and Landgrebe (1980). On a statistical basis

each principal axis is oriented in successive directions of

decreasing scatter in the data swarm. The first component is
often thought to represent albedo, thus describing in an average

way differences in brightness between surface cover types (see

Appendix E for a graphical proof of this). Other components

may possibly be given an approximate physical meaning by

comparison with other pure end-member data sets. Thus, PCs

l, 2, and 3 of the Lisbon Valley example have some contri-

butions from vegetation, nearly uniformly band for band. This

is apparent when the eigenvector diagram for the Lisbon Valley
NS-001 image is compared with the eigenvector diagram for

a September (green foliage time) NS-001 image of Lost River,

West Virginia (see Appendix C). The fourth PCs differ between

the two data sets, and no simple analysis can be offered for
them.

Table 8-7 delineates the correspondence between geologic
unit (by color) or cover type (principally vegetation) and image

color (Figure 8-21 ) for some important members present. These
are qualitative descriptions, but approximate numerical values

can be assigned to the image colors by referring to three-

component (red, blue, green) color-additive diagrams (see Sec-

tion 12, Figure 12-32).

3. Stratigraphic relations

a. Pennsylvanian section. Outcrops of the Pennsylvanian
Hermosa Formation near the crest of Lisbon Anticline (l) 2 in

Lisbon Valley are olive to dark brown and black in appearance.

The arcuate belt of Upper Hermosa limestones forms a dip

slope covered by pifion and juniper. The bedding of limestone

and sandstone units in the upper part is faintly expressed as
alternating black, green, and yellow banding on the images.

Sharp notch-like canyons following cross fractures are

accentuated by colors representing shadowing in the canyon

bottoms. Except in the northern part of Hermosa exposures,

the contact between upper and lower units of the formation

cannot be delineated. In the northern part, outcrops of the lower

unit are covered by alluvium; in the southern part, the alluvial
cover is less extensive. Where exposed (2), the lower unit

displays thick SW-dipping beds of limestone. The NE-facing
shadowed and tree-covered riser slopes of these strata appear

as a red-and-green mottled strip in the images. Extensive areas

of chained pifion-juniper forest are represented by yellow to

yellow-green colors (3), with sharp boundaries between chained

and unchained areas. Because of the rough topography, chain-

ing was not continued to the southeast. Here the color pattern

represents spotty, tree-covered limestone outcrops surrounded

by alluvial cover (4). Outcrops of tree-covered Upper Hermosa
rocks (5) are difficult to distinguish from tree-covered outcrops

of Burro Canyon and Dakota sediments (6) exposed in a narrow

belt across Lisbon Valley Fault.

b. Permian section. The Permian Cutler Formation is exposed
as an arcuate belt terminated at both northwest and southwest

ends by the Lisbon Valley Fault (7). The red to magenta image

colors of this unit contrast sharply with Pennsylvanian rock

represented as olive shades. This color difference delineates a
well-defined contact between the two units (8).

Alternating red, maroon, magenta, green, and black units

of the Cutler section give the unit a distinctive laminated

appearance (9). The stratification depicted is in part reinforced

by shadowing from the topography. The sugar sands appear

as dark olive-green to black triangular or chevron-shaped faccts
on ridges extending across the outcrop (10). Cutler rocks are

covered by eolian deposits (yellow and red areas) in the north-

western portion of the outcrop (I 1), by Quaternary sediments

2Numbers in parentheses indicate site locations in l-:igure 8 21,
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Table8-7.ColorkeyforthePCimage(Figure8-21)

Geologie Unit or Cover Type

Vegelation green grasses or shrubs with high leafdensily and

strong green pigmenlaiion. Appear deep rub_v-red on i, llse-color

IR photographs

Vegetation heul.r) ' co',er of shrubs and (dormant?) grasses

Vegetation densepihon juniper cover

Deep shadows

High b retlecting buff to white outc'rops (saturated. I)N '255l

l.ighl gray _reen outcrops v,ith ,_par,,e vegcta[ion

WllJte Io bult'otHcrops _hh ',parse 1o moderale tree co_er

Red- and salmon-colored units including maroon and lighl

slrtlltl, nloM]v wJlh sparse tree and or shrtJb cover

Chained{disturbcd)piflon unipcr cover over red. purple, and

bull" units: contains abulldanl dead tree material plus seeondarx
ocrowth ot shrub Isage) and dead grass

Red to bro'xn soils _ith sparsc green vegetation {alluvial flal

near ('ub-('ostanza Mine. Nt'_'._. Sec. 35. "130S, R25EI

"V2 blue

V3 red

\:4 green

Image ('olor Relative PC Values"

l)ecp, inodcralc, or light blue. Colors cor- l)ecp blue high

relate wilh deep red Io sparse red on color V2; low to zero V3.

IR photographs V4

Light blue - high

V2: low V3; high V4

Moderalered brm_n LowV2: moderate

\'3: moderate V4

Red orange brown Low V2: moderate to

high V3: low to mod-
erate V4

Red Dominant V3: low to

zero V2, V4

Black Saturated (V2. V3.

V4)- ((I,0.0)

Olive green or green 1o brov, ni_,h black Green - low U_zero

V2: low V3: high V4

Olive green low

V2: low 1o moderate

V3: moderate to high
V4

Brownish black -

low V2: low V3:

1o_ V4

Lighl ,>li_e l.m_ V2: low V3:
moderate V4

Magenta lu red I.ow to moderate V2:

high V3: Iou V4

Yellov,' to ,,ellow ot-angc l.ow \"2: moderate to

high V3: moderate to

high V4

Magertla Moderale to high V2:

high \'3: low V4

with vegetation near the mouth of Big Indian Wash (12), along

other canyons to the southeast, and over a rectangular area of

cultivated alluvium near the termination of this unit by Lisbon

Valley Fault further to the east (13). Pifion-juniper cover has

been removed in many areas. These areas are generally depicted

as yellow or yellow-orange in the images (14).

The Permian rocks are separated by an angular unconformity

from the Moss Back sediments above. This relationship can

be seen along most of the contact but most prominently at (l 5)

near Big Indian Rock and at Spiller Canyon. tlere and else-

where differences in dip between the two formations are

approximately 5". The trace of the unconfomfity at the surface

is defined, where visible, by the truncation of laminated Cutler

strata at the Moss Back-Cutler contact.

c. Triassic strata. The lowest unit in the Triassic section is

represented by the Moss Back Member of the Chinle Forma-

tion. This is the most important mineralized horizon in Lisbon

Valley Anticline. The Moss Back Member is approximately

50 ft thick and forms a resistant cliff above the Cutler sedi-

ments. The projected area on the image is consequently small

(several pixels). Best exposures, most extensively disturbed by

mining activity, occur in canyon bottoms at Expectation, Mi

Vida, and Spiller (16) and on the crests of ridges at Little

Valley (171). The triangular-shaped outcrops are uniformly dark
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olive green to black in all cases. Between the exposures this

member is visible as a narrow, continuous dark olive green to

black band (18).

Stratigraphically above the Moss Back bench and below the

cliff-forming Wingate Sandstone lies the Upper Chinle For-

mation. The unit forms steep rubbly slopes with little or no

visible intraformational stratification, although the unit is thinly

bedded. Prominent exposures are found on the slopes of Big

Indian Wash (19) and in canyons to the south where the unit

is magenta in hue. North-facing exposures below the Wingate

Sandstone are often in shadow and consequently display sat-
urated red hues in these images (20). None of the exposures

studied show evidences of internal bedding.

The massively bedded cliff-h)rming Wingate Sandstone dips

southwest and south 7° to 8° with good outcrops everywhere

on the southwest flank of Lisbon Valley Anticline except below

Three Step Hill in the southern part. Here the formation is

covered by the Kayenta Formation and is obscured by a heavy

tree cover which has been partly removed by chaining.

The Wingate displays a bleached (buff to white in outcrop)
and an unbleached (salmon to red in outcrop) facies. Bleached

facies in Figure 8-21 appear as light green to dark olive green

and black (21), but yellow where pifion-juniper tree cover has

been removed (22). Bleached rocks are confined to the northern

and southern portions of the anticline. Bleached strata are trun-

cated at both ends (23) and displaced by the Lisbon Valley
Fault or branches of this fault (24). Unbleached Wingate sed-

iments occupy the middle portion of the exposed belt (25).

These strata are generally portrayed in the images as deep red
to brown-red and black on bare outcrops. This description of

the "'rock equivalent" units present is actually oversimplified.

The unit in its upper part can be divided into several mappable

units. Only two of these units, however, can be recovered and
then only in part using scanner data. These relations are described
below.

Tree cover is generally more extensive over bleached por-

tions of the Wingate, locally reaching 50 percent or greater.

Vegetation cover makes a significant contribution to the spec-
tral reflectance. The image analysis problems of using spectral

reflectance methods to estimate tree cover and of reducing or

eliminating vegetation contributions to the reflectance are dis-

cussed in Paragraph VIII. D.

d. Jurassic strata. The Kayenta Formation is composed of

a series of red, purple, and maroon sandstones conformably
overlying the Wingate section. Locally the Kayenta red beds

and bleached Wingate facies are interbedded, but outcrops of

this composite unit are not separable in the images. The for-

mation supports a uniform (20 to 30 percent) cover of pifion

and juniper over all outcrops in the region studied. Two pre-

viously unmapped facies of the formation are discernible in

the image data. These are confirmed by study of aerial pho-

tographs: the stratigraphically lowest unit is deep red in color

and is exposed mainly near margins of Kayenta outcrop (27):

the stratigraphically highest unit is represented by yellow, orange,

and green mottled areas mainly occupying the center of Kay-

enta outcrops (28). The Kayenta Formation is easily distin-

guished on the basis of color from pervasively bleached rocks

of the Wingate Sandstone in this PC rendition, and isolated

erosional remnants of the Kayenta, some previously unmapped,

can be found scattered over the Wingate outcrops (29), The

Kayenta Formation and unbleached facies of the Wingate Sand-

stone are virtually inseparable in these images, but the actual

contact is also mostly covered by alluvium in the interval.

In the southern part of the anticline, north of Three Step

Hill, the stratigraphic relations among Wingate, Kayenta, and

Navajo rocks are complex. Three sets of images plus color-

infrared (CIR) aerial photographs, however, did not satisfac-

torily resolve all of the stratigraphic problems recognized.

The Naw_jo Sandstone in the field is a white to buff cross-

bedded unit forming low cliffs and mesas. Locally thin buff

limestones are present. The extensive outcrops of this unit west

of the northern tip of the anticline (30) are displayed as green,

olive green, and black and contrast sharply with the intense
red, red-orange, and yellow-orange hues of the adjacent Kay-

cnta Formation and Quaternary alluvium (31).

In the area of Big Indian Wash, the Navajo Sandstone is

poorly exposed. Outcrops arc few and the lormation is covcred

extensively by soils or Quaternary sediments with moderate to

heavy grass and shrub cover. Tree cover is sparse and restrictcd

to the edges of soil cover. Contacts with the underlying Kayenta
Fornmtion in this area are covered or indistinct.

Low cliffs and outcrops of Navajo Sandstone appear green

to black in the images (32). Black outcrops represent areas

where the image representation, but not the raw radiance, is
saturated (scaled to DN values >/255). Since these outcrops

occur mostly on south-facing slopes or slopes opposite the sun,

they probably arise from a backscatter (a specular-like) com-

ponent in the surface reflectance.

In the southern part of the anticline (Three Step Hill), the
Navajo Sandstone and bleached facies of the Wingate Sand-

stone are nearly juxtaposed by the dramatic thinning (_50 ft

thick) of intervening Kayenta strata near thc crest of the anti-

cline. The separation of these light-colored units in the

image data is often difficult. For example, bare outcrops of

Navajo Sandstone are black (33) and are surrounded by yellow-

and green-mottled areas representing chained and partly tree-

covered portions of the unit, respectively. Thus, in these few
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cases the Wingate (usually olive green) and the Navajo (usually

black) Sandstones are separable primarily on the basis of sat-

urated image color. On the other hand, the distinction of Navajo

and Wingate Sandstones (33 and 21) in this area can easily be

made from aerial photographs on the basis of the joint patterns

present in each. The average spacing of Wingate joints is 100
to 150 ft, with a strike of N 70 ° W (21). The average spacing

of joints in the Navajo is approximately 50 ft, and the strike
varies from N 70 ° W to N 90° W (33). The distinction of joints

in the Wingate and Navajo in this area on the images is unfa-

vorable because they closely parallel the direction of image
scan lines.

Additional Jurassic strata (Carmel, Entrada, Summerville,

and Morrison) crop out in the southern, southwestern, and

western portions of the image area near Deerneck Mesa (34).

These formations were not important in the investigation of

stratigraphic or structural problems in Lisbon Anticline. The

images of these outcrops reveal relationships similar to those

already described.

e. Cretaceous strata. Predominantly Cretaceous rocks crop
out northeast of Lisbon Valley Fault throughout the image area

along the axis of Lisbon Canyon Anticline and in the East

Coyote Wash Syncline (35). Outcrops are poor, and many of
the shallow-dipping or flat-lying strata are largely capped by

alluvium (Figure 8-10). The alluvial cover supports an exten-

sive growth of grass and shrubs and, on the sandy or rocky

outcrops, dense stands of pifion and juniper. The pifion-juniper
cover has been removed over extensive areas (36). Despite

these conditions, the image data provide useful information on

distribution of rock types, cover types, and structure.

Figure 8-23 is a CRC image covering the northern portion

of line 7 of the NS-001 Lisbon Valley data. The color assign-
ments are band-ratios 2/3 = blue, 2/4 = green, 4/5 = red.

These band ratios generally distinguish vegetation and rock

types in the area of interest. Vegetation-free outcrops of strongly
red-colored beds such as the Cutler Formation appear in red

or red-brown (high ratio 6/7); gray and green (light colored)

outcrops as yellow (low 2/3, high 2/4, high 4/5). Shrub and

grass-covered areas are blue-green and green (high 2/3, mod-

erate to high 2/4). Shadowed or heavily tree-covered terrain is

magenta (high 2/3; high 4/5). Areas of chained pifion_uniper

cover are dark green, sometimes banded due to bulldozer tracks.

Examples of these disturbed areas are outlined in Figure 8-24.

The mappable units in the Cretaceous section distinguished

in Figure 8-24 are described in Table 8-8. A stratigraphic

column including the Dakota and Burro Canyon units is given

in Figure 8-25. This section was compiled from descriptions

provided by Carter (1956) based on field relations in the Mr.
Peale No. 1 Quadrangle in the northern and northeastern por-

tions of the image (Figure 8-23) and map (Figure 8-11) areas.
Correlations between these two columns are tentatively made

as follows: units 4, 3, and 2 of Figure 8-24 correspond to the

middle unit of the Burro Canyon Formation of Figure 8-25 and

are not readily distinguishable in Carter's description. Unit 1

corresponds to the lower unit described by Carter (1956) in the

Burro Canyon section.

The Dakota-Burro Canyon contact is difficult to identify on

the images. On the basis of the image stratigraphic column,

the contact is placed at the top of unit 4. In Figure 8-21, unit 4

of Burro Canyon is distinctly shown along East Coyote Wash

and in tributary canyons as an olive-green unit (37) that con-

trasts sharply with red-brown rocks of the Dakota Sandstone
above (38). Areas of Burro Canyon outcrops in the synclinal

axis are greatly enlarged. On the other hand, if the basal cliff-

forming sandstone unit of the Dakota is missing (described by

Carter, 1956, to be present), then the middle unit of the Dakota,

consisting of dark shales, may rest on the upper and middle

units of the Burro Canyon, which contain the quartzite and

green shale. Unit 2 of the Burro Canyon section is extensively

exposed in the middle portion of the image area and pinches
out to the northwest.

The structure of East Coyote Wash Syncline is nicely por-

trayed by the symmetrical distribution of rock units about its

axis. The adjacent Lisbon Canyon anticlinal structure cannot

be distinguished. The axes shown for both of these folds were

taken fi'om the geologic mapping.

Several of the minor normal fault structures depicted on the

geologic map of Weir et al. (1961) can be recognized. These

are primarily displayed by truncated rock units depicted by

abrupt changes in color.

4. Geomorphic and color representation of structure

a. Fohting. The broad anticlinal doming in Lisbon Valley

Anticline is displayed in the image data (Figurc 8-21) by the

arcuate erosional pattern and by the successive rock unit color-

ation. While a sense of the dips can be obtained from outcrop

patterns in valleys from a single image, the relative values can

be established by stereoscopic examination of the image where

these images overlap. Location of fold axes has not been pos-
sible here except, as noted, approximately in the East Coyote

Wash structure. Such determination was attempted using ste-

reoscopic image pairs along the axis of Lisbon Valley Anti-

cline, but the lack of well-delined bedding in the Lower Hermosa

units and poor image resolution made this impossible.

b. Faulting. Much of the trace of Lisbon Valley Fault, the

major normal fault structure breaching this anticline, is covered
by alluvium. The general position of the fault can bc determined

from the image data (Figures 8-21 and 8-24) by the truncation
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Table 8-8. Description of image stratlgraphic units for East Coyote Wash Syncilne and Lisbon Canyon Anticline

Stratigraphic Unit Map Symbol Description

Quaternary Alluvium Q

Mancos Shale

Dakota Sandstone/ Kd + Q

Quaternary Alluvium

Burro Canyon K bc
Formation

Kbc + Q

Kbc 4(unit 4)

Kbc 3(unit 3)

Kbc 2(unit 2)

Kbc I (unit I)

Morrison Formation Jmb

Cutler Formation Pc

Hermosa Formation Ph

Magenta and blue, mainly in stream courses.

Small outcrops. Not distinguished in images.

Generally green. On mesas underlain by Quaternary sediments or soils. These are green

with orange-brown. These areas are dominantly grass and shrub covered. On slopes,

unit is light blue, some magenta. Rocky, low tree cover.

Undifferentiated units with alluvial and soil cover.

Mostly green, but with some yellow and some blue mottling. Principally exposed along

stream bottoms and along axis of syncline (East Coyote Wash). Generally lower tree

density than unit 1.

Red brown color. Patchy distribution almost always associated with unit 2. Represents

reddish, heavily tree-covered rock type mostly on crests of ridges. Interpreted to belong

to Burro Canyon Formation, but actual stratigraphic assignment uncertain.

YelLow- to yellow-cream-colored terrain. Banded meandering pattern on southwestern

limb of syncline represents outcrops of gently dipping strata. Extensive patchy and

irregular distribution on northeastern limb. Represents light green on gray-green unit
with low tree cover. Underlies unit 4 where in contact with this unit.

Mottled blue-green with isolated magenta patches and elongate areas along streams.

Represents heavily tree-covered terrain. Shadows on south-facing slopes probably con-

tribute the magenta color in these places.

Predominantly light red with yellow. Difficult to distinguish from units 2 and 3 of Burro

Canyon Formation. Occurs as isolated patches along faults on axes of Lisbon Canyon

Anticline and in Lisbon Canyon, and in extensive exposures in canyon bottoms in the
northern part of the image.

Predominantly reddish orange and yellow. Distinctive thin layering, alternating in

shades of yeUow, dark green, and dark red. Occurs in southwest portion of image.
Upper unit not mapped, but easily distinguished from overlying Moss Back (Chinle)

sandstones, which appear rich yellow gold, and from underlying Hermosa limestones.

Mixed pink, yellow-gold, and green. Unit characterized by heavy tree cover (pink

area), deep green where tree cover removed. Dip slopes have distinctive patterns of

parallel rill-like canyons oriented northeast southwest. Unit exposed in the southwest

and west-central portion of the image.

of important rock units, such as the Cutler, Wingate, Kayenta,

and Navajo, at either end of the anticline and by the alignment

of streams and alluvial cover throughout the center part of the

fold. Areas where dissimilar rock types are mapped by the

U.S. Geological Survcy (Figure 8-10) as juxtaposed by the

faulting, such as at Big Indian Mine, are heavily disturbed by

mining activity, and relations there are obscured. Minor fault

structures, probably akin mechanically to the Lisbon Valley

Fault, are mappable using the image data along Lisbon Canyon

Anticline (Figure 8-24). These correspond to structures mapped

by thc U.S. Geological Survey, but the sense of displacement

or motion lot these has not been possible to determine from

the image data.

Minor normal fault structures are mapped by Weir et al.

(1961) in the Hermosa rocks (See. 18, T30S, R25E). These

small cross structures lie along a sharp V-shaped canyon cutting

the dip slope of this upper unit. On the image data, this canyon

is displayed by its shadow pattern (39). Seventeen or so addi-

tional cross-striking straight canyons of this type can be seen

in the images, but it has not been possible to determine

displacements.

c. Jointing. The Dakota, Navajo, Kayenta, and Wingate are

all transected by joint sets, but the most striking examples

occur in the Wingate Sandstone, which is cut by a steeply

dipping joint set normal to bedding. The joints strike N 50 ° W

in northwestern Wingate exposures in the anticline and nearly

cast-west in the southern part.

Jointing is less well developed or absent in bleached strata;

prominent jointing is always present in thc unbleached, mas-

sivcly bedded section. Locally, two joint sets are developed

that intcrsect each other at an angle of 30 °. Individual joints

or groups of joints somctimes extend downward through the
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Figure 8-23. CRC image of NS-001 data for the portion of line 7 interpreted in Figure 8-24 (band-ratios 2/3 = blue, 2/4 --- green, 4/5 = red)
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Figure8-24.InterpretationofCRCimageofaportiono!line7lorthe NS-001 flight at Lisbon Valley (Mission 407 August 28, 1979) (band-ratios

2/3 --- blue, 2/4 = green, 4/5 = red)

Chained

Q

Kd+Q

Kbc

Kbct, Kbc 2, Kbc_, Kbc,

Tree cover removed (disturbed)

Quaternary deposits

Dakota Sandstone and Quaternary

deposits undifferentiated

Burro Canyon Formation undivided

Informal subunits of the Burro Canyon Formation

Fold axes placed from USGS mapping by Weir et al. (1961). The symbol

vegetation resulting from clear-cutting and grazing.

Kbc+Q

Jmb

Pc

Ph

x x

Burro Canyon Formation and Quaternary

deposits undifferentiated

Brushy Basin Member, Morrison

Formation

Cutler Formation

Hermosa Formation

marks a section line and indicates change in
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MANGOS SHALE- DARK-GRAY. THIN-BEDDED FISSILE SHALE

DAKOTA SANDSTONE

'-- UPPER UNIT -- SANDSTONE

j MIDDLE UNiT -- GRAY CARBONACEOUS SHALE WITH COALSEAMS

LOWER UNIT -- YELLOW-BROWN TO LIGHT-ORANGE, MEDIUM-GRAINED SANDSTONE

CONTAINS SPARSE TO ABUNDANT PLANT DEBRIS. RESTS ON COARSE

CONGLOMERATE AND SANDSTONE LENSES. CONGLOMERATE DERIVED

FROM BURRO CANYON FORMATION BENEATH

BURRO CANYON FORMATION

UPPER UNIT -- 1- TO 8-ft-THICK, WELL-INDURATED QUARTZITE

MIDDLE UNIT -- LIGHT-GRAY GREEN MUDSTONE, SILTSTONE AND SHALE WITH THIN BEDS
OF SILICEOUS LIMESTONE, LIMESTONE CONGLOMERATE, LIMEY SANDSTONE,

CHERT AND QUARTZITE.

j LOWER UNIT

MORRISON FORMATION

BRUSHY BASIN MEMBER VARIEGATED SHALE AND MUDSTONE

-- LIGHT-GRAY TO LIGHT-BROWN, MEDIUM- TO COARSE GRAINED CROSS-

BEDDED SANDSTONE CONTAINING PEBBLE CONGLOMERATE LENSES AND

SPARSE SILICtFIED LOGS EXPOSED AS A PROMINENT CLIFF; FORMS MESAS

Figure 8-25. Stratigraphic section for the Dakota Sandstone and Burro Canyon Formation (compiled irom description by Carter, 1956)
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underlying thinly bedded Chinle strata. Elsewhere, the over-

lying Kayenta rocks display a poorly defined joint system par-

allel to structures in the subjacent section. Outcrops showing

all three units cut by the same structure have not been found.

Thc joints described above can sometimes be resolved in

the images, predominantly in the unbleached facies. Individual

joints are manifested by parallel banding with a color pattern

that consists of alternating red and black stripes which represent

shadows (indistinguishable from outcrops) and outcrops (25).

C. Distribution of Alteration in the

Wingate Sandstone

1. Photogeologic mapping. As an aid to sorting out rela-
tions of bleached and unbleached sandstone in the anticline,

the distribution of bleached facies at the surface was mapped

using stereoscopic aerial photographs together with image data.

tligh-rcsolution (<1 m) color positive aerial photographs of

portions of the Lisbon Valley area were obtained simulta-

neously with acquisition of scanner images in May 1978, but the
coverage is incomplete, particularly over Wingate outcrops in

the southern part of the anticline. Photography using color

infrared filters from a later mission (Mission 407, August 28,

1979) provided additional coverage; however, infrared film is

difficult to interpret for geologic problems and was generally

unsatisfactory for mapping the outcrops needed.

Figure 8-26 is a photogeologic interpretation of a portion of

frame 8 (Mission 381, May 26, 1978) covering the transition
region between bleached and unbleached facies. A detailed

interpretation based entirely on the use of stereoscopic pairs is
given for portions of Sees. 33, 34, T29 1/2 S, R24E and Sees.
2, 3, 4, 9, 10, 11, 14, 15, 16. T30S, R24E. In addition,

photogeologic intelwetations were extended southward to include

parts of Sees. 22, 23, 24, T30S, R24E. A composite photo-

geologic interpretation map of the area is shown in Figure
8-27.

A stratigraphic colunm compiled from the photogeologic

analysis is presented in Table 8-9. The descriptions include

characteristics used for identifying and mapping rock units.

The highest stratigraphic units, located in the center and on

the western side of the area, are the Navajo Sandstone and the
Kayenta Formation. Each of these formations contains several

mappable subunits, but they have not been subdivided here.

The Kayenta Formation and the Wingate Sandstone are easily

separable on the basis of their color in the mapped area of
Figures 8-26 and 8-27. In the SW 1/4 of Sec. 3, the contact

between bleached cross-bedded facies of the Wingate and red,

thinly bedded Kayenta Formation is an intertingering one. This

relationship is shown in Figure 8-8. In the field, the contact is

sharp (< l-m stratigraphic interval). In Figure 8-26, the out-

crops of the interfingering section are mapped as the unit KW.

This unit is thin and difficult to identify except on some slopes
where the banding is resolved and apparently is not present

everywhere. It may be confused with erosional remnants (pre-

viously unmapped by the U.S. Geological Survey) of basal

Kayenta sandstone, especially where the Kayenta has been

disturbed by drill road clearing. Unit KW has provisionally

been placed with the Wingate section, although it probably

consists of both Kayenta and Wingate sediments.

The uppermost unit definitely assignable to the Wingate sec-

tion in the northern part of the area is unit W_, which is a

white ledge-forming sandstone stratigraphically beneath unit

KW. All outcrops of white Wingate have been mapped as W_

in Sec. 3 and to the north. The Wingate section beneath these

outcrops of W_ may be totally bleached; it is not possible to

decide this from photogeologic interpretation alone. P. Niesen

(personal communication, 1982) observed that the Wingate

section is bleached throughout the area north of Expectation

Canyon. Ilowever, the nature of the contact between bleached
and unbleached units is obscure. Outcrops of unit W_ are not

found south of the middle of Sees. 14 and 15. The dip of unit

W_ is 7V__° southwest and the strike is N 45 ° W. This dip is

identical to that of other Wingate rocks in the section (Figure

8-10). W] thus has a dip equivalent to bedding and does not

perceptibly represent a boundary crosscutting the Wingate
section.

In the southern part of the mapped area of Figure 8-27, the
first Wingate (?) unit below identifiable Kayenta red beds 3 is

designated W0. The distinction of this unit from KW is difficult.

Unit Wo is also closely adjacent stratigraphically to WE mapped
to the north.

Interpretation of outcrop patterns of Wo and W I in the NW

I/4 of Sec. 14 suggests that W_ may bc stratigraphically higher.

Alternatively, these two units may interfinger and thus be an
equivalent horizon. If they are equivalent, a geographic limit

is placed on the extent of Wingate bleaching in a single strati-

graphic horizon, high in the formation, that is continuous and

not removed by erosion.

A major stratigraphic unit below Wl, labeled W5 in Figures

8-26 and 8-27, is composed of intercalated layers of white,

red, and pink (bleached and partially bleached) strata. To the
north, individual laminae are thick enough to map and units

W 2, W3, and W4 are examples of these. To the south, the

laminations become liner and individual strata are not mapped.

Unit W 5 thins to the south and the banding becomes indistinct,

_'Oulcrops of Kaycnta are established b} comparison with USGS mapping

(Figure 8 10).
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TO U,S. 163

STANDARD MINE

LOUISE MINE

[_ Quaternary alluvium

_ Navajo Sandstone

_ Kayenta Formation

Wingate Sandstone

Informal photogeo-

logic members

I1,_o

w0

I]T_w, _ Wl•

II w2

w3

w,

I_ w_

k_ w6

Chinle Formation,
Upper Member

LISBON VALLEY
INDUSTRIAL

AREA

TO U.S. 163

0 0.5 I mi N

\0 0.5 1 km

TO LOWER LISBON

Figure 8-27. Photogeologic map of a portion of the Wingate Sandstone outcrop between Ike-Nixon Mine and Dry Wash.

Descriptions of phologeologic units are given in Table 8-9.
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but some interfingering of bleached and unbleached strata of

this type probably persists across the predominantly unbleached

Wingate interval. This laminated unit is heavily jointed in

contrast to strata above, which do not display jointing; indi-

vidual joint blocks isolated by weathering form resistant banded

knobs and small domes that give a distinctive geomorphic

appearance to this unit.

Unit W6 represents massive unaltered salmon-pink sand-

stone that is heavily jointed. Unit W6 is unbanded or possesses

banding at a scale below that resolved in the aerial photographs.

On this basis, it is distinguished from unit W5 above it.

The relationships between bleached and unbleached Wingate

rocks in the southern part of the anticline (See. 32, T30S,

R25E) north of Dry Wash have not been established photo-

geologically, but from cursory examination of the available

photographs the relations appear stratigraphically simpler. The

complicated laminated section of the northern part is not prom-
inent. Thick bleached and jointed sandstones appear to lie

above a section of massive, unbleached red sandstone. The

bleached units pinch out abruptly to the north. Bleached strata

are overlain by a pink sandstone horizon resembling Wo of the
northern area. The field nature of these units has not been

established. They may represent erosional remnants of basal

Kayenta or an upper Wingate horizon of partially bleached and
unbleached rocks.

A series of imlx_rtant outcrops containing Ixmndafies between
bleached and unbleached rocks crosscutting the Wingate Sand-

stone occurs (I) along canyon bottoms cut in the dip slope in

the southern part of Sees. 33, 34, T30S, R25E, and in the

northern part of Secs. 3, 4, T31S, R25E, and (2) along thc

bottom of a northern tributary to Dry Wash. These outcrops

can be seen in a high oblique aerial photograph (Figure 8-6)

and are designated by arrows.

2. Analysis of bleaching distribution in a canonical trans-

form image of Bendix 24-channel data. The Bendix 24-chan-

nel scanner system was flown along a N-S-orientated flight

path {Figure 8-2) over the northwestern portion of Lisbon Val-

ley Anticline on June 15, 1976. Ten channels in the VNIR
(Table 8-4) were mostly frcc of noise and striping and thus

suitable for image analysis. Subsequently, however, removal

of irregular dark striping from some bands was required to

analyz.e vegetation problems. None of the thermal infrared

channels were opcrative during the 1light. The approximate

ground resolution of these data is 7 m, more than twice that
of the 8-channel NS-001 images.

Analysis of the images has focused on determining the dis-

tribution of alteration effects in the Wingate Sandstone, sepa-

rate from the general problem of geologic mapping. The high

spatial resolution of these images allowed detailed comparisons

to be made between the photogeologic interpretations of Win-

gate stratigraphy described above and the image data. Some

apparent differences between the photogeologic interpretation

and interpretations based on the image data were revealed. The

relatively large number of channels available covering a wide
spectral range suggested that linear reduction (PC transfor-

mation) or classification (discriminant function) techniques could

be used advantageously to display the separation of the spec-

ified lithologic classes. The analysis in all cases was limited
to a combination of 10 bands because of computer storage

limitations. Both PC and canonical transform images were

prepared from these data. PC images provided less visual sep-
aration of bleached and unbleached units as compared with the

canonical variate renditions; thus, the latter were used in this

analysis. The PC transformation was applied as part of a "tree
removal" algorithm discussed below. An example of the PC

rendition based on a combination of lO bands is given in Figure
F-3.

Methods of multidimensional classification (i.e., discrimi-

nant functions) have been described in detail by Gnanadesikan

(1977). Canonical axes in the multiple group classilication

problem give directions in multidimensional space that maxi-

mize the separation between specilied groups of observations
relative to the scatter within these groups. Canonical variables

(here designated CV to distinguish them from the PC variables

V) thus optimize the separations for purposes of display. These
canonical coordinates arc obtained routinely as part of the BMD07

stepwise discriminant function computational package {l)ixon,

1974).

The reference observation sets were derived from training

areas within the images themselves, and the canonical coor-

dinates were devised to separate four groups: bleached Wingate

(BW), unbleached Wingate (UW), alluvium (ALL and all other

rock types (OT). The goodness of classification obtained for
the I0 variables used is given in the associated classification

matrix (Figure 8-28). Overall, the classification into groups is

88 percent correct, with the largest errors (0.5 percent or less)
from misclassilication of BW as UW, and UW as BW. A

detailed analysis of these false classifications has not been made

because the separation is excellent. The probable causes of
misclassilication include (1) contamination of the training sets

with members of other classes, or (2) influences of vegetation,

principally pifion-iunipcr and minor shrub and grass cover.
Improvement in the separations might be possible using the
PFRS collections, ltcre the trade-offs will always be between

separations in relatively meager samples of pure end members
(PFRS data) versus separations for a statistically superior sam-

piing of the actual macroscopic covcr types present in the image
data. There is no advantage in using the PFRS data. Further-

more, the image-derived training sets, cven for model sample
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Table 8-9. Description of photogeologic units identified in Figures 8-26 and 8-27

Photogeologic Unit Map Symbol Description

Navajo Sandstone N

Kayenta Formation

Wingate Sandstone

KW

Wll

W I

Wl _

W 2

W3

W=

O3o

W 5

W 6

Chinle Formation ('u

CI

White, gray, and buff sandstone forming low mesas and gentle dip slopes. Soil developed on

flat surfaces with dense shrub and grass cover, sparse to moderate tree cover near edges of

soil-covered areas and on adjacent rocky exposures.

Red and purplish-gray sandstone; probably represents separate (but unmapped) strati-

graphic units. Moderately uniform pifion-juniper cover.

Informal photogeologic members.

Transition facies between Kayenta and Wingate. Consists ofintertonguing red and white

beds too fine to map or in mottled patchy erosional remnants on dip slopes. Not everywhere

present at contact. Jointing mostly absent or poorly displayed. Some outcrops heavily dis-

turbed by drill roads. Included in Wingate section to conform with mapping of this undiffer-

entiated formation by Weir and Dodson (1958a, 1958b, 1958c).

Mostly grayish-red sandstone. Bedding indistinct. Outcrops generally uniform in color. Stra-

tigraphically lies beneath Kayenta Formation. Relations to KW unit uncertain, possibly the
stratigraphic equivalent or a basal unit of Kayenta sandstone. Jointing absent. Moderate to

heavy uniform pi_on juniper and shrub cover, except where disturbed by drill pads and
roads.

Mostly white to cream-colored sandstone. Very thick to very thick bedded. Forms ledges, but

generally in rounded outcrops. Jointing usually absent. Where present, joints are very closely

spaced and poorly developed; w is a minor red sandstone lense. Moderate to heavy tree cover

everywhere except where distributed by drilling and road clearing.

Very light brown to light pink sandstone. Forms resistant ledges. Interpreted to be

unbleached or partly bleached stratigraphic equivalent of W v

Red brown sandstone between white (bleached) sandstone units. Generally narrow expo-

sures on steep slopes. Sparse to moderate tree cover.

White to buff (bleached) sandstone horizon. Local resistant ledges only. Discontinuous
horizon.

White to buff {bleached) sandstone. Local resistant ledges only. Discontinuous horizon.

Red unit with a few white to mottled outcrops. Subdued topographic expression. Jointing

absent. Stratigraphic position uncertain. Appears to lie above W s, the laminated terrain, in

which case it may be the equivalent ofW 0. However, appears topographically higher in some

juxtaposed outcrops. May represent weathered layer or soil development of modern origin.

Moderate tree cover and extensive disturbances with drill roads and pads.

Pink, red, brown, and white laminated sandstone facies. Forms resistant outcrops and knobs

that display prominent, widely spaced joints. May contain thin, discontinuous, partially

bleached strata, most of which are too fine to map. Tree cover generally low to absent except
along joints, where dense growths occur, and in patchy areas. Covered by unit resembling

bJ0 .

Red to salmon sandstone, massive bedding, distinguished from W 5 by the general lack of
lamination, or by the presence of lamination at a scale below resolution of aerial photographs

(< 1 m). Unit forms cliffs. Lower part not visible in aerial photographs. Extensive, well-
developed jointing, except along outcrops near Kayenta contact. Tree cover sparse, mainly in

patches (on W0?) and along joints.

Upper Member. Red sandstone and siltstone. Forms steep slopes beneath W Wingate cliffs.

Chinle Formation-Moss Back Member. Green sandstone and conglomerate. Mainly as

V-shaped outcrops in canyon bottoms.

size, tend to be almost normally distributed within the classes,

thus keeping within mathematical constraints of lhe BMD

program.

The scatter diagram representation of the first two canonical

variables is given in Figure 8-29. Ninety-seven percent of the

total dispersion is exphtincd by the tirst two variables in this

plot and 100 percent by the first three variables. A line joining

the group means of UW and BW lies outside the (CV I, CV2)

plane and has direction cosines with respect to the canonical

axes (CVI, CV2, CV3) = (0.8(120, 0.5399, 0.2555). This

explains the large overlap present in the projection of the first

two variables (CVI. CV2) without the associated large error

in classification. The direction cosines also show that most of

the variation between these groups is described by the first two

variables.
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BW UW AL OT

4229 546 105 70

622 12405 98 0

33 34 2433 0

54 6 153 1787

BW

UW

AL

OT

BW BLEACHED WINGATE, 4950"

UW UNBLEACHED WINGATE, 13125

AL ALLUVIUM, 2500

OT ALL OTHER ROCK TYPES, 2000

* NUMBER OF PIXELS SAMPLED

Figure 8-28. Classification matrix from dlscriminant function analy-

sis of the Bendix 24-channel data (four classes, 10 bands, and

22,575 image spectra)

For representation of the image data in (CV1, CV2, CV3)

space, raw DN values from the gradient-corrected image data

and the linear transformation formulas were used to compute

canonical coordinates for each pixel. These numbers may be

both positive and negative and are subsequently rescaled so
that all lie between 0 and 255. Further stretches have been

applied to adjust visual appearance of the final images.

A canonical transform rendition of the Bendix 24-channel

data for Lisbon Valley is shown in Figure 8-30, with the fol-

lowing color assignments: CVI = red, CV2 = green, CV3 =

blue. The principal units, cover types, color assignments, and

approximate canonical variate weights are included in Table
8-10.
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Figure 8-29. Canonical scatter diagram for separation of bleached and unbleached Wingate Sandstone in the Bendix 24-channel

data of Lisbon Valley
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An interpretation of the canonical transform image is given

in Figure 8-31. Boundaries have been drawn to separate image

units with similar colors or color relations. A detailed inter-

prctation is provided only tot the Wingate Sandstone outcrops.

Boundaries of this formation and those of other formations

present have been separated by dashed lines where location

was aided by reference to the published geologic map (Figure

8-10). In the middle part of Sec. 10 and the southern part of

Sec. 3 (T30S, R24E in Figure 8-31), the image-interpreted

boundaries largely correspond to those depicted in the photo-

geologic interpretations in Figures 8-26 and 8-27. In the Iield

relations, light-colored Wingate rocks contrast sharply with

multicolored units located stratigraphically to either side, and

the image display is consequently good. Throughout Sec. 15,

however, the units depicted in the image interpretation may

differ substantially from those obtained in the photogeologic

interprelation of Figures 8-26 and 8-27. in Figure 8-30, a

residual noise striping trends nearly parallel to the scan lines.

This banding oscillates in color from gold to cream or white

and constitutes a limit on the color distinctions that can be

made here. Where the regions depicted mostly correspond to

those in the photogeologic interpretation, the same patterns

have been used. Elsewhere, the units outlined appear to consist

of four types: ( 1) units that correspond to too of the photogeo-

logic interpretation and possibly represent soil cover or dis-

turbed ground, (2) units labeled W' that represent a diverse

mixture of 00¢_,W o, W l , Ws, and We,, undivided, (3) units that

correspond to W I and W2 alone, and (4) units that are spotty,

elongate, and in partial shadow. Physically, except for shadowed

places, the field t, nits in these areas are characterized by subtle

color contrasts in shades of pink, buff, light red, maroon, and

light maroon. These field color differences are not resolved in

the image data. This may result because more variability is

introduced in to 'the images by inclusion of infrared bands

(channels 7 13) in the analysis.

The difference between the image and photogeologic units

is important to understand. The photogeologic units are char-

acterized by differences in color, structure, vegetation cover,

and stratigraphic position. Image units represent cover types

or shadowed areas differentiated purely on the basis of color

representation, hnage units may not by themselves have strati-

graphic signilicance.

In summary, the image data were useful in mapping the

general distribution of altered and unaltered Wingate strata,

but an interpretation of these data unsupported by the photo-

geologic interpretation would be misleading and could not reveal

the actual time-stratigraphic significance of the units depicted

or their distributions. This may be largely a question of scale.

Thus, the comparisons might be improved if images at a l-m

resolution or aerial photographs at a 7-m resolution were used,

Figure 8-30. Canonical transform image of the Bendix 24-channel
scanner data, June 1976. The 10 bands used in the analysis are
included in Table 8-4 (CV1 = red, CV2 = green, CV3 = blue). Num-
bers show type areas for image mapping units described in the text.

Q Quaternary alluvium Cu Chinle Formation, Upper Member
N Navajo Sandstone CI Chinle Formation, Moss Back
K Kayenta Formation Member
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"Vegetation

()tntcrops

Table 8-10. Color key for the canonical transform image (Figure 8-30)

"CVI red

('V2 green

CV3 blue

(}eoh)gic Unit or ('over Type

Heavy <5 to 100 percent) pihon

juniper CO".rer (outcrops of [)akotu

Sandstone near Rio Algom Mine).

Iligh shado_ component.

Heavx cover of shrubs and grasses

(Cutler outcrops south of Big Indian

Mine; allu'+ial cover cast of Rio

Algom). lncludcs areas of chained

pitwn .iunipcr with possible sccondar}

,_ro_+th el'shrubs ..li]d clump grasses.

Not known il'grasses are green ur

yellm_ (dormant).

(;recn grasses or shrubs v, ith dgh leaf

ctensit',, smmg grecn pigmentation, low

shadtr,+v cot+nptment (l+_i; Indiatl Wash).

l_redomin',mt clump grass cover (allu+

"_+tllll Of suit-co',crcd llles4s oM N4"+ a.io

S41ldsttHle ill Big Indian Wash). Not

known if green or '_ellow (dormant)

Alongsome t2atlV¢lll'_ and east- and

t:orth-I'acin._ edges of IlleSa.lS.

tlighl 3 rclleeting hull' hi x;hite outc'n+ps

(smHh-facing slopes helm,, mesas of

Na,,ajo ._andstone: norlh-faeing slopes

of l{nlrada; un',+cgctated outcrops of

hleachcd Wingatc )

l+ight gra} grccn outcrop +, ,aith sparse

vegetation. (Moss Back oulcrop,+ in

C+IFI3OI] [ltJtlollls iIlld\\'here we[l-

exposed on sh)pc+,.)

Whitc tu hull" mncrops with moderate

trcc cover (bleached Wingalc

oulcrt+ps).

Mal'L_on and purple sandstone with

moderate dlld he4v\ tree cover

( KaveI/td t:OFIllathlll ).

gallllOn or light-red outcrops

( un;cgctated \Vingate exposures

north of Big Indian Wash).

P, cddish tt', light-reddish units _ilh

lllodcralc tree and.,or shrub aild

po+,sihI_ "_Ollle ._I'H_,_, alld soil co',er

(unbleached \Vingate exposure

northwest _)1"Spiller ('anyon).

Image ('o]or

Medium to deep hluc

C4noniea] ('tx)rdinate I+_,cpresentation "'

('VI ('V2 ('V3

l.ow l.ow Modcratc to

h igh

(i rct.'ll Io ttlive _lecn Lot.\

Whitish pink to pink Iligh

Yellox_ red and

's oiler, brt;v, n

(,golclcn)

M odciatc to

high

Modcratc to I l igh

high

l Iigh Moderate to [.or, to nloderale

hiL,h

l)ccp hluc l.t_ I.ow I t igh

P, ed to sli._htl} Mt+dcrate to I t+_ I.o,a

blackish red high

I)aik oli,,c tt) hhtck I_+w

Metierale olixc green l .o',+'+

1_+\_ h+ tlh)dcr:tl¢ I.o\\

Moderate low

P, hlc ( red t!tllcror>, I.o\_ l.m_ tl igh

v, ith tree c,,wcr) It)

goldt_'n (gla}'ish lligh Moderatc I.t+\,.' to tnt>derale

purple outcrops with

trce+q

Rcddish xcllow to 'kh)dclatC Moderate I.o\_

red brt)\\rll t)l" golden

( 'ledill it1 wh ire 11i_h I ti_h B.,lt)dcrate to

high
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TO LA SAL
JUNCTIQt_

!!ili

IMAGE

i--

t::/t

L3

UNITS

QUATERNARY UNDIVIDED PINK AND LIGHT BLUE

NAVAJO SANDSTONE UNDIVIDED - YELLOW TO

YELLOW-GREEN AND GOLD

KAYENTA FORMATION UNDIVIDED BI UE-GREEN

AND GOLD

WINGATE SANDSTONE INFORMAL UNITS FROM

IMAGE INTERPRETATION. RELATIVE STRATIGRAPHIC
POSITION INDETERMINATE

BRICK REDIOUfCROPIANDOLIVEGREEN
(PINON-JUNIPERt ff'.ITERMIXED /AREA 1

YELLOW-ORANGE TO RED BROWN (AREA 21

LIGH] YELLOW-ORANGE !AREA 3)

DEEP YELLOW ORANGE !AREA4}

BUFF TO CREAM (AREA 5)

BLUE ]O STEEL GRAY (AREA 6)

APPROXIMATE
PHOTOGEOLOGIC

EQUIVALENT

W

W, IN PART

W_, IN PART

W_, IN PART

NO EQUIVALENT

(SHADOWS_

L::I O.,NLEFORMAT,ONUPPERMEMBER

CHINLE FORMATION MOSS BACK MEMBER

Figure 8-31. Geologic interpretation of the canonical transform image (Figure 8-30) covering a portion of the Wingate Sandstone

outcrop between Big Indian Mine and Big Indian Wash
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together with stereoscopic coverage. Units interpreted as par-

tially bleached (laminated) in the aerial photographic interpre-

tations are not detected in the image data because (1) the band-

ing is too small to be resolved, and (2) the macroscopic spectral

contrasts of laminated units at the resolution of the image data

are probably not large enough.

The distribution of the various image units reveals that some

altered strata probably extend across the entire Wingate expo-

sure. New image units depicted represent a composite of cover

types whose geologic significance is not always clear. Broadly,

the image units found parallel the strike of Wingate outcrops,
but the distribution over the outcrop is not in accord with that

required for correspondence to strategraphic boundaries. For

example, if the new image unit possessed a layered distribution,

these units would dip more steeply southwest than do the actual

Wingate strata.

3. Distribution of bleached, unbleached, and laminated

sandstone in the Wingate outcrop and in Lisbon Valley

Anticline. Plate 8-1 summarizes the distribution of rock types

in the Wingate outcrops as derived from analysis of aerial

photographs, the Bendix 24-channel scanner image of Figure
8-30, and the NS-001 (7-channel) scanner images of Figure
8-21. Here the bleached sandstone distribution obtained from

the scanner data alone is shown in a vertical bar pattern. The

additional boundaries, all approximately located, are taken from

analysis of aerial photographs and may or may not be resolved

in the scanner images. The generalized outcrop patterns do not

have the same stratigraphic significance as the photogeologic

map versions (Figures 8-26 and 8-27).

The stratigraphic interpretation was carried outside the bleached

areas wherever aerial photographic coverage was sufficient. In

addition to the photogeologic boundaries transposed from Fig-
urc 8-27, this resulted in the inclusion of small outcrops of

unbleached sandstone both on the dip slope and in sections of

the E-W-striking outcrops to the south and north of Dry Wash.

These irregular roughly E W-trending exposures appear to

crosscut the section. An approximate dip measurement from

the outcrop pattern in conjunction with the topographic map

gives a value of 7°. This is shallower than the average 10° dip
for the formation as a whole. The stratigraphic distribution of

blcaching is likely to bc governed by detailed variation in

pcrmeabilities from layer to layer. The reported difference in

dip should thus bc viewed with caution. The significance of

establishing such a relationship, however, should be clear. If

the bleaching was associated with a standing level fluid at some

point in the history of anticlinal development, the difference

in dip for uniform permeability would represent the increase
in tilt of these beds occurring since the cessation of alteration.

A crosscutting relationship would establish that (1) the beds

were tilted prior to alteration; hence, at least some bleaching

originated after deposition and deformation, and (2) further

tilting subsequent to alteration had taken place.

The distribution of bleached outcrops with respect to ele-

vation on the southwestern side of Lisbon Valley Anticline is

shown in Plate 8-2. To avoid excessive clutter in the drawing,

only the outcrop pattern of the stratigraphically highest bleached
unit in this section is shown. Some bleached strata within unit

W 5 (laminated terrain) persist beyond the limits shown and

probably extend across the entire Wingate exposure; these out-

crops of banded rocks are not depicted in any of the image
data examined and are not shown here.

In both northern and southern areas, bleached strata represent

the highest outcropping rocks (7000 ft) and lie closest to the

anticlinal crest. The geometry and position of the lower bound-
ary are more uncertain and cannot be determined from surface

observations alone. Bleached rocks of the uppermost unit iden-

tified as W_ by photogeologic analysis feather out at 6200 ft

near Mi Vida Canyon. In the southern part of the anticline,

bleached rocks lie above approximately 6400 ft.

The relations between bleached and unbleached rocks, where

mapped, are depicted in the cross section (Plate 8-3) drawn

along the line AA'A"A'" in Plate 8-2. The line of section

AA'" trends parallel to the Wingate outcrop following an
arcuate path with respect to the axis of the Lisbon Valley

Anticline. The maximum separation occurs at Point A' (Big
Indian Rock), where the distance is 3.3 mi between the anti-

clinal axis and the line of this cross section. At Big Indian
Rock, the sediments transected lie farthest from the crestal

region in both distance and elevation. The curved line of this

section produces an apparent synclinal geometry in these bcds,

which from the geologic map (Figure 8-10) is actually a broad

but undesignated anticlinal warp.

D. Removal of Vegetation Signatures

in the Image Analysis

1. General. Thus far, no attempt has been made to account

for the contribution made by vegetation cover in measurement

of the distribution of Wingate bleach effects. Examination of

the plant distribution image prepared by the BLM for the Lisbon

Valley area (Figure 8-32 and Table 8-11) indicates Wingate

outcrops to be classified as pifion-juniper terrain. The dominant

plant species consist of pifion pine (Pinus edulis) and juniper

(Juniperus osteosperma), plus subordinate species not identi-

ficd in BLM mapping such as mountain mahogany (Cerco-
carpus sp.), big sagebrush (Artemisia tridentata), and various

grasses. Ground cover by the dominant and other types of

vegetation may vary from 0 to 100 percent. CIR and color

photographs of the area reveal the irregular nature of this dis-

tribution of tree and shrub cover. Gencrally, a higher tree

density prevails over blcached outcrops of Wingate Sandstone
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in the Big Indian District and in the southern portion of the

anticline than over outcrops of unbleached strata north of Big

Indian Rock.

2. Estimating tree cover by the band depth method. To

account approximately for the effects of vegetation, data from

the Bendix 24-channel scanner were used (1) to investigate the

distribution of tree cover, and (2) to remove the spectral con-

tribution of vegetation so that the differences in spectral response

of bleached versus unbleached areas could be estimated sepa-

rately from the vegetation component. The 24-channel data

were used because the spatial resolution (-7 m) is superior

and the spectral data are available at a large number of wave-

lengths. Ten channels of data were used to form reduced spectra

for the extraction problems. These are listed in Table 8-4.

Channel 6 falls within a major chlorophyll-a and chlorophyll-

b absorption feature in pifion, in juniper, and in green plants

generally l_mnd at 0.65 Ixm. No major spectral features occur

in the reflectance of the Wingate at this wavelength, but the

Table 8-11. BLM vegetation classification for the southwest flank of

Lisbon Valley Anticline, Big Indian District

(a) Number abbreviations

Number Abbreviation Number Abbreviation

13 PJ Purr Artr

14 Alto Artr Bogr (Bogr)

15 Artr Agcr {Chained)

Saka (P J)

16 Agcr PJ Artr

18 Arlr Bogr Stco Hija PJ

I9 Arlr (less dense) Bogr (PJ_

2(1 Atca Bogr (Artr)

21 Artr Bogr Atca H ija

24 Rock', PJ

25 Artr Hija Ager

26 Artr PJ Chna

Agcr

Hija Orhy

28 Artr Atca B_._gr

29 Save Saka

30 PJ

33 Agcr Artr PJ

36 Artr Agcr

37 Artr Agcr Orhy

(b) Name key

Abbreviation Scientilic Name ('onl[llon Name

Agcr A Wopw.on cris'lalum ('rested wheatgrass

_rtr Artemivia tri&'ntata Great Basin sagebrush

Atca A trildev ea,u,scen,s |our-wing sahbush

iktco ,4. _on/i'rt!lblia Shad scale

Burr Bouteloua ,grad�is Blue grama
('hna ('llr_oth+m,ll_s nauveosu_ Rabbit brush

tliia Ili&ria/ame._ii (Jalleta grass

()fhy Orrzoyvit hvmenoide* Ricegrass

PJ Pifion juniper

Pulr Purs'hiu trulentata Antelope bitterbrush

Saka Salvola ,_'ali Russian thistle

Save Sarcohalns vermiculatu_" Black greasewood

SIco Etlp(! comala Needle-and-thread grass

Figure 8-32. Distribution of vegetation types according to BLM

mapping for a portion of the western limb of Lisbon Valley Anticline

(numbers refer to BLM classification given in Table 8-11). Base is

Bendix 24-channel canonical transform image.
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field-determined reflectance varies between 40 and 60 percent
for both altered and unaltered rocks. This wide variation is not

a serious problem in the model because the areally averaged

image values used represent the pure rock end member. The
radiance level in channel 6 throughout the image may be used

to approximate the extent of vegetation cover on a two-component

mixing model as follows:

If

N6 = typical rock DN forchannel 6

V{, = actual DN at pixel j due to mix of rock

and vegetation cover

Then

V_,°° = I)N in channel 6 for

100 percent tree cover
V_, - l/m°v0 - fractionofrock cover
Nr, - V_,°° in pixel

V/_- V],_'l'
fraction of vegetative cover

N_, V_,°° in pixel .j

(8-1)

The result of applying Eq. (8-l) to determine the fraction

pifion_uniper (i.e., chlorophyll absorbing) cover over the image

area is shown in Figure 8-33. This is a simple density slice

representing the fraction of cover, color coded as given in
the scale. The constant V_°° was measured flmn the image

data on outcrops of Dakota Sandstone north of Big Indian

Mine, where tree density could be seen from high-

resolution aerial photographs (Figure 8-34) to approach or

equal 100 percent. The values of N_, were obtained from large

exposed areas of (pigmented) Wingate Sandstone cropping out

south of Big Indian Rock.

Comparison of the image data with CIR photographs of the

same area shows a general correspondence between the dis-

tribution of cover represented in these two ways. An inherent
ambiguity exists with this simple method in dealing with: (1)
shadowed areas where the radiance in the reference channel

may be small, but the terrain barren of cover, or (2) in areas

where rock rellectance is lower than that of the Wingate over

the bandpass of channel 6. The number of components should

probably be increased to include three, four, or perhaps more

components in a more realistic treatment to permit represen-
tation of actual variations in rock rellectance and the presence

of multiple plant specics. For this purpose, the algorithms of

florwitz et al. (1975) may be useful. A method based on use
of PC diagrams can also be employed (scc Appendix E).

3. Removal of vegetation spectral contribution and con-

struction of "vegetation-free" PC images. The radiance values

in other channels may also be modified to remove the vegetation

component. In this instance the image at each wavelength is
reconstructed with radiance values representing 100 percent
rock.

If

O k =

Then

P_ = pifion-juniper response for channel i

D k = actual DN fi_r channel i in pixel k

r, = ideal response for rock alone in channel i
(unbleached Wingate Sandstone)

and

r i _ D I"- 1 N_, _.P, (8-21)

To represent the contributions from all channels, these "ideal"
rock responses represented by ri (unbleached Wingate values

assumed) for each of the channels used (excluding channel 6)

were combined in a PC image. Some of these channels con-
tained a small amount of noise, which was removed before

further analysis.

The primary noise in the Bendix 24-channel scanner data
consisted of irregularly spaced dark bands rotated slightly from

the horizontal. To facilitate interpretation of the PC color com-

posites, the following destriping technique was performed on

each channel before the application of the vegetation removal

procedure. For strictly horizontal noise, the dark bands were

distinguished from the rest of the image by examining the

average value of the samples in each line. A high-pass filter

applied to a one-sample-wide image created from the line aver-

ages produced an estimate of the noise. The noise pattern was
then sprcad out to the full width and subtracted from the original

image. The scanner images required a small rotation to place

the stripes in a horizontal position before the noise removal

procedure could be applied. For approximately one-quarter of

the llight line, the angle of rotation was 1.4°: for the remainder
it was 0.8 ° . The image for each channel was first separated

and each section rotated appropriately. The destriped sections

were then rotated back to their original orientations and mosaicked

together. Alter this destriping, the vegetation removal was

performed and the PC color composite produced.
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Figure 8-33. Color-coded representation (Bendix 24-channel image)

of the Iractional area of tree cover according to the simple two-

component mixing model given by Eq. (8-1) in the text. Outcrop pat-

tern ot the Wingate Sandstone is outlined. Percent vegetation cover is

indicated by the scale.

Figure 8-34. CIR photomosaic ot the area corresponding to Figure 8-33
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The destriped image represents some improvement over the

original data, although the noise pattern was not removed com-

pletely. The noise removal procedure, however, involves a

trade-off between noise reduction and spatial resolution. Each

of the two rotations necessitates a resampling of pixels to pre-

serve the line-sample coordinate system. This is accomplished

using a four-point interpolation which results in some loss of

detail. The enhancement of the data produced by the noise

removal procedure was considered worth the loss in resolution.

The resulting PC image is shown in Figure 8-35. The dif-

ferences between bleached (northern portion) and unbleached

(southern portion) outcrops in this image now represent vari-
ations in rock reflectancc alone, without the influence of veg-

etation. The two-component reflectance model required exclu-
sion of the inherent difference in reflectance between bleached

and unbleached strata. Expanding the treatment to a three-

component case (vegetation, bleached, and unbleached) could

be expected to enhance the differences in rock-type discrimi-

nation sought.

E. Comparison of Soil Maps to Geologic

and Image Data

The soil mapping units of Figure 8-3 are compared in Figure

8-36 to the geologic mapping of the Lisbon Valley area and
to the NS-001 PC image data. Soil unit 6 (Begay-Wind-

whistle-Ildefonso) in Figure 8-36(a) occupies Big Indian and
Hatch Washes west of the anticline. The area encompassed by

this unit is underlain predominantly by Navajo Sandstone with
mesas formed of Carmel, Entrada, and Summerville Forma-

tions. The mesas are capped and the major drainages are man-

tied with Quaternary alluvial deposits. Thcsc deposits represent

a variety of substrates, but none are separated in the soil mapping.

Soil unit 8 (Palma-Cahone-Hagerman) is found throughout

Big Indian Valley, Lisbon Valley, and Lower Lisbon Valley,
and on the southeastern side of East Coyote Wash. Big Indian

Valley follows the strike of SW-dipping Cutler red beds, while
Lisbon Valley and Lower Lisbon Valley follow the Lisbon

Vallcy fault zone. The fault brings carbonates of the Hermosa
Formation into contact with elastics of the Burro Canyon For-

mation. The valleys defined by the fault zone are in part lilled
with alluvium. The soil unit follows the physiographic form
of the anticlinal and fault structures without distinction, lump-

ing together the alluvial and rock formations. In the East Coyote
Wash area and to the northwest, the soil unit mostly follows

outcrops of Dakota Sandstone capped by alluvium along the

southwestern flank of East Coyote Wash Syncline.

Soil unit 9 (Rizozo-Rock outcrop-lldefonso) is developed

on a diverse group of rocks including the Hermosa Formation
(center of Lisbon Valley Anticline), Cutler, Chinle, Wingatc,

Kayenta and Navajo sediments (southwest flank of Lisbon Val-

Icy Anticline), and outcrops of Burro Canyon Formation (flanks

of East Coyote Wash Syncline). Outside Lisbon Anticline, the

unit is developed on Burro Canyon and Dakota rocks (Deerneck

Mesa).

Figure8-35. PC image ot the northernpart of Big Indian District,with
all image reflectancevalues adjusted for removalof vegetationcom-
ponent according to Eq. (8-2) beforecombining into the PCs. Varia-
tion in color along WingateSandstoneoutcroprepresentsvariationin
reflectanceof "rock alone" between bleached areas in thenorth and
unbleachedoutcropsin thesouth(V1 = blue, V3 ---green,V4 = red).

8-62



(a)

8

(b)

Figure 8-36. Soil units of Figure 8-3 compared to (a) geologic map (see Figure 8-10 for legend) and (b) NS-O01 image data for the Lisbon Valley

area: unit 6, Begay-Windwhistle-Ildefonso; unit 8, Palma-Cahone-Hagerman; unit 9, RIzozo-Rock outcrop-Ildefonso; unit 10, Ustic Tor*

riorthent-Ustollic Calciorthid-Ustollic Haplargid
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Soil unit 10 (Ustic Tomorthents-Ustollic Calcionhids-Ustollic

tlaplargids) is found on steep slopes flanking Deerneck Mesa,

which are underlain by the Morrison Formation. Much of this

unit is covered by Quaternary-age land deposits. Additional

exposures of soil unit 10 are found over Burro Canyon and

Morrison outcrops in the northwest corner of the map.

In Figure 8-36(b), the soil unit distribution is superposed on

the NS-001 image data. Little or no systematic relationship

can be identiiied between the two, largely reflecting the lumped

and generalized nature of the soils mapping. Further subdivi-
sion of the soils distribution could be achieved from image

color relations: additional subdivision might be possible it well-

defined type localities for soil mapping units could be identified

as a basis fl)r image classification.

E Landsat MSS Image Interpretation

Figure 8-37 is a PC image of the June 12, 1977 scene cov-

ering Lisbon Valley and surrounding areas (Landsat scene 20872-

16540). The color assignments are VI - red, V2 = green,

V3 blue. The cigenvcctor loading diagram and covariance

and correlation matrices for this rendition arc given in Appen-

dix C. With these assignments, heavily tree-covered areas appear
red to magenta (South Mountain of the La Sal Mountains),

grassy and/or shrub-covered terrain appears blue-green (East

Coyote Wash), red beds appear blue (Cedar Mesa Member of

Cutler Formation along Indian Creek, and Cutler Formation

red beds along Big Indian Valley), and light-colored rocks

appear green and dark green to black (outcrops of Navajo

Sandstone along Hart's Point, exposures of the Navajo W

NW of Big Indian Valley, and Burro Canyon sediments on the
south flank of Island Mesa).

By comparing this image with the geologic map of Figure

8-1(/, it is possible to distinguish the major lithologic units
exposed in Lisbon Anticline, including the Hermosa, Cutler,

Lower Chinle (Moss Back Member), Wingate, Kayenta, and

Navajo. Because of the reduced resolution (_80 m), little of

the detail present in the aircraft scanner data (Figures 8-21 and
8-30) can be discerned. However, bleached and unbleached

facies of the Wingate can be separated, as well as variations

in appearance of the Cutler sediments along Lisbon Valley.

In East Coyote Wash, the presence of a fl_ld structure may

be inferred from the symmetrical arrangement of the drainage

pattern and by the symmetrical distribution of red and brown

units about a NW-trending green strip occupying the axis of

this structure. None of the detailed stratigraphic relations in

the Burro Canyon and Dakota sections seen in the aircraft

scanner data are apparent at this resolution.

Much of the lithologic variation present in this scene is

masked by an extensive vegetation cover. Outcrops largely

clear of grass and trees are found only ahmg major canyons

(such as Big Indian Wash) where extensive exposures of Cutler

red beds are found. Except for areas of heavy tree cover (in

red/magenta), the separation of vegetation variation from lith-

ologic variation is difficult using these data alone.

The Lisbon Valley Fault may be located where it traverses

the anticline by the linear NW-trending form of Lisbon Valley,

and by the truncation of important sedimentary units on the
southwest flank of the anticline.

Additional structural or stratigraphic features otherwise not

identified in aerial photographs, in aircraft scanner data, or by
previous geologic mapping have not been recovered from these
data.

G. Fraunhofer Line Discriminator Observations

at Lisbon Valley

1. General. Solar-induced luminescence from natural mate-

rials is extremely feeble compared to the intensity of ordinary

reflected light. Special methods are needed to study lumines-

cence behavior in rocks under ordinary daylight field condi-

tions. Luminescence effects are totally inseparable from ordi-

nary reflected light in image data. Here, areas of anomalous

fluorescent behavior determined by aircraft observations were

located on the images, and possible common (spectral) features

among these areas were sought. The Fraunhofer line depth
method is used to detect luminescence (fluorescence and phos-

phorescence) induced in surface material by solar radiation.

Luminescence detection may be used in mineral prospecting

in the same way that portable ultraviolet lamps are used to
detect such minerals as fluorite (CaF__), calcite (CaCO3), and

secondary uranium minerals. In the Fraunhofer line depth method,

the filling of Fraunhofer lines in the solar absorption spectrum
because of surface luminescence is observed. These observa-

tions are conducted during the daytime, using the sun as a
luminescence source. The Fraunhofcr Line Discriminator (FLD)

is an airborne electro-optical device that is operated as a non-

imaging radiometer and permits detection of solar-stimulated
luminescence several orders of magnitude below the intensity

detectable by the human eye.

The luminescence is characterized in terms of a parameter

called the luminescent efficiency _q, defined as the ratio of

luminescent intensity to incident continuum intensity. The effi-

ciency is determined independently of the surface reflectance

by experimental measurement of four quantities a, b, c, and

d representing, respectively, the downward-directed incident
solar continuum, the downward-directed solar continuum at

the Fraunhofer line position, the upward-directed reflected plus
luminescent intensity at the Fraunhofcr line position, and the
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upward-directed reflected plus luminescent continuum inten-

sity. These quantities are defined in Figure 8-38. The ratio vl

is given by

'lq m C--

a-b

and independent of p, the surface reflectance (Watson and

Hemphill, 1976).

Luminescence efficiency "q is characterized by a scale given
in terms of rhodamine WT dye equivalent luminescence. Sla-

ter's (1980) empirical relation between -q and dye concentration
in water is

r I = 2.75 × 10-3C

where C is in ppb. Thus for C on the order of one ppb, the

luminescence efficiency is three orders of magnitude less than

the efficiency of ordinary surface reflectance.

Details of the FLD operation and data reduction problem

are given in the Technical Appendix, Section 14. For additional

material and reviews of earlier work, refer to papers by
Hemphill and Settle (1981), Slater (1980), and Watson and

Hemphill (1976).

2. Description of experiment. The U.S. Geological Survey

used an advanced FLD system operating at two Fraunhofer

wavelengths, 0.4861 and 0.5890 _m, at Lisbon Anticline (Big

Indian Valley) to detect possible luminescence effects from
uranium mineralization (Theisen and Watson, 1979). These

observations were conducted as part of the Geosat uranium test

INCIDENTLIGHT

t
WAVELENGTH

REFLECTED+ LUMINESCENT
COMPONENTS

c'pb+L
t

WAVELENGTH

Figure8-38. Definitionof the quantitiesa, b, c, d measuredInthe FLD
experiment.L is the intensityot luminescentenergy and p is the sur-
facereflectance.

case program and in conjunction with Atlas Minerals, the Geo-

sat site-controlling company. The Big Indian area was over-
flown on June 12, 1978 at an altitude of 2382 m (7815 It) and

at a speed of 45 m/s (100 mi/h). Because of the experimental

arrangement, observations at the two wavelengths were done

in series. The system operated at 0.4861 ixm during the first

flight (9:15 A.M., MDT) and 0.5890 I_m during the second

flight (10:13 A.M., MDT). Additional features of the experi-

mental arrangement are described below.

Radiation from the surface is directed to the FLD optical

head by an oscillating mirror that scans a 37 ° total angular field

of view (FOV) centered about the nadir with an instantaneous

circular field of view (IFOV) of 1°. The 37° angular field is

covered in an observation period of I s, representing an angular

mirror motion of 0.65 rad/s. Observations of the energies a,

b, c, and d are carried out sequentially, each for a duration of

6 ms. An additional 6 ms is required to return the mirror to

its initial position for a new sweep. For the aircraft velocity

and altitude quoted under perfectly collimated flight conditions,

the FLD ground track provides complete areal coverage over

the swath. Deviations from these flight conditions can produce

gaps or overlap in the ground coverage. A detailed drawing of

the footprint is shown in Figure 8-39. Here, for ease of cal-

culation, the angular IFOV was taken to be 1° by 1° square.

At the edge of the scan swath width, the footprint is approx-
imately 46 m wide and narrows to 41 m beneath the aircraft.

A 6-ms observation time smears the footprint of observation

for the quantities c and d by 10.26 m at the edge and 9.1 m

beneath the aircraft. For any complete sequence, the area of

overlap common to c and d for one observation cycle is roughly

88 percent of the smeared observation footprint of either. The
noncoincidence of footprints c and d may lead to anomalous

values of the luminescence efficiency, especially in regions of

complicated topography containing shadows or rapidly varying
surface reflectance. Quantitative assessment of anomalous

behavior of this type is not easily made with the observations

at hand. A cursory examination of the data for Lisbon Valley
in Theisen and Watson (1979) discloses no obvious correlation

between topography and the distribution of anomalous FLD

behavior. The magnitude of error from this source is probably

less than 1.16 to 1.54 ppb rhodamine WT, which is typical of

the maximum anomaly encountered in the rough terrain over-

flown at that site. To avoid these problems, the largest anom-

alies are considered here and those of a lesser magnitude are
ignored.

3. Discussion of the image data base. Locations of spots

in the Big Indian area showing anomalous luminescence greater

than 1.93 ppb rhodomine WT dye equivalent are plotted as

dots inside circles on an NS-O01 PC image of this area (Figure

8-40). The PCs used were completed from an 8 by 8 covariance

matrix formed from areal sampling of eight spectral channels
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(i.e., including the thermal channel) in line 5 of the August

1979 Lisbon Valley flight. The color assignments are V2 =

green, V3 = blue, V4 = red. The eigenvalues and eigenvec-

tots for the first four PCs are given in Table 8-12. Collectively,

V2, V3, V4 account for 16 percent of the variance of the eight

variates. The physical meaning of these components may be
difficult to establish, but the color discrimination of rock units

achieved is good. Geologic contacts shown illustrate some of

the separations possible. From Table 8-12, the component V2
is heavily weighted on channel 8 and thus represents thermal

radiance. In this image thc Kayenta Formation (Jk) (consisting

of tree-covered red, purple, and maroon sandstones), outcrops

of Cutler Formation red beds (Pc) and grassy areas of alluvium,

and material with Cutler red bed sources (Qeal) are all displayed

in green. Component V3 is strongly weighted on channels 4

and 5, signifying a large contribution from vegetation. Some

tree-covered areas and alluvial spots with green grass are rep-

resented in blue. For eigenvector components of significant

magnitude, component V4 is positively weighted in channels

! and 2, negatively weighted in 6 and 7, and positively weighted
in 8. Empirically, bright outcrops of bleached Wingate Sand-

stone ('I_w), Navajo Sandstone (Jn), green Moss Back sand-

stonc ('l_cl), and mine tailings are bright red in the image,

signifying a dominance of component V4 in the representation

of these cover types.

4. Registration of data to the image base and analysis of

anomaly distributions. Accurate transfer of data points, rep-

rescnting anomalous behavior, to this image (Figure 8-40) had

to be accomplished in two steps. Using the aerial photograph

with the luminescence value overlay given in Theisen and

Watson (1979), selected data points were first transferred to
available CIR photographs of the area using a Zciss Zoom

Transfer Scope. This step reduced clutter and helped match
scales between photographs and images. Next the data from

this intermediate photographic base were transfcrrcd to the
image. Repeated trials of the process were carried out to check

the positions obtained. The locations shown are bclieved to lie

within the circles indicated, which focus on the center point

as the actual location of an anomaly. Even so, systematic

differences appear to occur in some places between positions

of anomalies reported by Theisen and Watson (1979) and the

points obtained here. The best example of this is at Small Fry

Mine, where these authors' note (p. 7) that "... location C is

a uranium ore stockpile from the Small Fry Mine which shows

['q) values ranging from 2.70 to 3.08 ppb." The pattern of

anomalous points found here has the elongate shape of this

dump but is displaced 200 m south. No other anomaly in the

Big Indian Wash area has a geometrically recognizable pattern
that can be compared to geologic or cultural features. Location
accuracies for these features are thus unknown. The anomalies

are a few image pixels (one pixel _ 15 × 15 m) in size.

Locations of anomalous points to this accuracy are thus required

before a detailed pixel-by-pixcl analysis is worthwhile. It does

not appear possible to transfer this accuracy from the data
available.

The color relations fbr anomalies are dispersed among green,

red, yellow, and blue image units. A similar examination using
the 7-channel PC image of Figure 8-21 revealed an equally

diverse array of color associations, but no systematic

relationships.

5. Conclusion. The imagc data have not been useful in

providing insights to the geologic meaning of the FLD anom-

alies, nor havc the FLD rcsults been useful in interpreting the
image data. This situation might improve if the anomalies could

be located with greater accuracy on the image data and if the

mineralogical, botanical, or chemical origin of the anomalous
behavior were better understood and correlated with rock or

vegctation rcflcctance propcrties. A field procedure for obser-

vation of luminescent behavior (cither active or passivc) would

bc of great value in further geologic evaluation of the airborne
FLD measurements.

Table 8-12. Eigenvaluesand eigenvectorsfor PC transformof the NS-001 image,
line 5, LisbonValley

Eigenvalue Eigenvector Channel

[%) Icolor) i' 2 3 4 5 6 7 8

I 1,421(84) VI 0.27 0.30 0.31 0.32 0.35 0.39 0.40 0.40

1,165 fg) V2(G) -0.30 0.29 0.21 0.22 --1).09 -0.01 0.01 0.85

644 (51 V3 (B) -0.30 0.24 0.28 0.65 0.54 0.09 0.24 -0.03

255 (2) V4(R) 0.51 0.40 0.13 0.16 0.08 0.37 0.54 0.32
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to the extent that the linear relationship holds and is

employed.

C. Problems for Future Research

The following topics need additional study:

(1) Field and scanner spectral measurements should be used

to establish precisely the functional nature that may be

expected for a scanner calibration relationship under pre-
scribed observation conditions. This includes removal

of atmospheric effects by empirical methods using image

data alone as well as theoretical modeling of the actual

corrections required.

(21) A method allowing geometric rectification of aircraft

multispectral image data based on detailed variations in

flight path needs to be developed. Accurate detailed
image rectification would greatly facilitate comparison

(3)

with existing topographic and geologic data largely by

eliminating the need for manual correction. This meth-

odology would most naturally incorporate continuous

onboard aircraft position and attitude data and air speed
to allow "instantaneous" determination of the correc-

tion factors needed.

Methods for comparing the "information content" of

the image data sets need to be developed beyond those

that involve purely personal selectivity. This is a com-

posite problem combining:

(a) Statistical problems of discrimination and
classification.

(b) Mcthods of color display and scparation.

(c) Human physiology as a factor in the perccption of
color differences.
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diagram. The tie lines in these diagrams represent pro-

portions directly. Examples are presented in Appendix

E of the use of these two diagrams for analysis of pro-

portions in simple two-component mixing problems

involving sandstone and tree cover.

3. FLD observations. U.S. Geological Survey FLD obser-

vations over the Big Indian District were analyzed and com-

pared to image data. No correlation was found between anom-

alous FLD behavior and specific color units in image data.

Analysis was complicated by uncertainties in location of the

initial anomalies and by an uncertain noise level in the mea-
surements related to the method of data sampling.

4. Landsat MSS images, l,andsat data for the Lisbon Val-

ley area were examined. At 80-m resolution, it was possible
to determine the structure of the anticline and to discriminate

the major formations present. Bleached and unbleached Win-

gate facics could be separated. No additional geologic features
not otherwise reported were discovercd from these images.

Xl. Conclusions for Remote Sensing
Analysis

A. Analysis of the Lisbon Valley Images

and Photographs

The following conclusions were made from the investigations:

(1) High-resolution and stereoscopic coverage improved the
geologic interpretation possible for all problems studied.

The stereoscopic color aerial photographs were the best

for resolving stratigraphic and structural problems in the

area.

(2) Images at the resolution available provided a good syn-

optic view that could be adjusted by the color display

to highlight important features. Availability of scanner
data at a resolution comparable to aerial photographs

(l m) and in stereoscopic coverage would materially

enhance utility of images for study of geologic problems.

(3) While the Bendix 24-channel and NS-001 scanners have

comparable distributions of channels in wavelengths, the
Bendix data were more valuable geologically because

of the high spatial resolution (estimated at 7 m versus

15 m). Both scanner systems provided good separations

of geologic units.

(4) The canonical transformation method produced a clearer

separation of bleached and unbleached Wingate units

than the principal components or raw band composites
of the same data. In general, the information content

may be expected to improve as the number of data chan-

nels increases. However, lacking quantitative rules to

gauge the utility of one image product versus another,

these comparisons remain qualitative.

B. Remote Sensing Radiance Measurements

The following conclusions were made from the remote sens-

ing measurements:

(1) The (calibration) relationship between scanner DN and

surface reflectance is approximately linear over the range

of intrinsic brightness studied in these data.

(2) The rclationship between scanner DN values and ground
reflectance data is highly linear for most channels but

quasi-linear to parabolic ti)r some. The sources of these
variations are not understood; the variations may result
from scatter in the field data rather than from nonlinear

instrument behavior or atmospheric interaction.

(3) The spectra obtained by analysis of the image data agree
qualitatively with the field data. Since the scanner and

the PFRS data provide samples of vastly different fields

of view, precise agreement would not be expected. Both

data sets contain significant variations in reflectance values

from place to place. This uncertainty for scanner data
results both from uncertainties in the calibration curve

and from scene scatter. The scatter, which results from

variations in surface orientation, vegetation cover,

shadows, and inhomogeneous rock type, is inherent in

the use of multispectral scanner data. For a specified

field of view scanners limit the extent to which spectral

detail can be recovered from the data regardless of the

radiometric precision achieved.

(4) An advantage is not gained by calibrating scanner radi-

ance before image display because the linear calibration

transform is usually superseded by subsequent scaling

and/or stretching transforms used for image display. The

production of CRCs entails a nonlinear transformation

for which application of a calibration step is actually

inappropriate.

(5) A linear calibration relationship has the following useful

consequences for PC or canonical transformation analy-

sis of image data:

(a) The estimated covariance matrix is independent of

the offset term in the calibration equation.

(b) The correlation matrix derived from the estimated

covariance matrix is independent of both the gain

and offset terms and may thus be thought of as

representative of average (Lambertian) ground

reflectance directly.

(6) The images based on use of the correlation matrix thus

are independent of atmospheric and instrumental effects,
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Oil and gas deposits in Lisbon Anticline are found in partially

fault-bounded dome-shaped reservoirs in Mississippian dolo-
mites beneath the Paradox salt member of the Hermosa For-

mation. The reservoirs are fault bounded and are separated by

a graben into which salt flowage has occurred to produce the

anticlinal structure. Faults bounding the graben do not extend

to the surface. The graben does not contain major accumula-

tions of gas or condensate, although productive horizons of
the Paradox are known. Hermosa rocks above the salt interval

arc productive in Lisbon Canyon Anticline on the northeastern

side of Lisbon Valley Fault.

The major uranium mineralization of the Big Indian District

together with bleached Wingate strata are completely enclosed

within the oil- and gas-producing limits of these deeper res-

ervoirs or associated source rocks. The approximate coinci-
dence of bleaching, uranium mineralization, and oil and gas

production suggests that some causal relationship may exist
among them. The significance of a coincidence for these limits

is uncertain because earlier distributions of petroleum and gas

in the subsurface were probably much more wide spread, hav-

ing escaped with breaching of the anticline. The remaining
sandstone alteration near the anticlinal crest coincides with

uranium distribution and roughly with the distribution of deeper

oil and gas accumulations. Similar relations between bleaching
of red sandstones in anticlines over oil and gas reservoirs have

been observed in anticlines in Oklahoma, but no uranium deposits
have thus far been discovered in these structures.

5. Isotope studies. Carbon and sulfur isotope measurements

were made on organic carbon, on calcite cement, on ore stage

pyrite from Moss Back ore bodies, and on oil (condensate) and

gas samples from all major producing oil and gas reservoirs
and horizons in the anticline. _13C values for reservoir CO2

and ore-body calcite are similar but also do not differ signif-
icantly from those for present atmospheric CO2 or freshwater

limestone. _3C values for condensate match those for organic

carbon in the ore samples, but these latter values correspond

closely with those for land plants. All of the _348 numbers

obtaincd for ore samples in the present study and in previous

investigations by Field and Jensen (1960), Miller and Kulp

(1963), and Schmitt (1968) may be explained by simple mixing

of indigenous isotopically light sulfur of local bacterial origin
with isotopically heavier introduced sulfur of petroleum or

petroleum gas origin. These measurements are consistent with

a petroleum derivation of the carbon and sulfur in the ore

bodies, but they do not establish that such mixing actually took

place.

D. Other Remote Sensing Measurements

and Analyses

1. Spectral reflectance. The NS-001 image data were cal-

ibrated from ground reflectance measurements and used to cap

culate image-derivcd spectra of multiple-pixel areas. There is

an inherent uncertainty in any image spectrum that relates to

the scatter of points in the calibration curve and to the scatter

in the radiance values over the test areas. In general, scatter

is least over flat, uniformly vegetated areas and greatest over

rock or mixed vegetation and rock outcrops. From the cali-

brated image spectra, red and purple rocks show broad absorp-
tions due to Fe +3 at 0.8 to 0.9 p,m; in addition, the Fe +3

charge transfer band below 0.7 p,m can be discriminated. From

green rocks, a broad absorption probably due to Fe +2 near

1.0 _m is recovered. The presence of chlorophyll absorption

introduces a sharp kink at 0.7 _m in the image reflectance

curves, which is distinct from the absorption in that region

arising from Fe +3. Curiously, chlorophyll absorptions are not

recovered from the image spectrum of dense pifion-juniper

tree cover. This may perhaps arise from the presence of a large

shadow component and indicate an actual small projected area

of green material in this cover type. Dormant grasses or dead
vegetation reduce the observed spectral reflectance at all wave-

lengths. Chlorophyll absorptions are not observed in areas where

dead or dormant vegetation is thought to be present.

2. Vegetation signatures and unmixing models. The Lis-

bon Valley area contains a 10 to 70 percent cover of evergreens,

shrubs, and grasses. The vegetation contribution has been ana-

lyzed two ways:

(1) A simple two-component photometric mixing model was
used to estimate percent "green" cover directly. Train-

ing areas representing 100 percent pifion-juniper cover

and 100 percent Wingate outcrop were used to obtain

the end-member spectral signatures in the 0.65-1_m chlo-

rophyll band. Partly vegetated areas have intermediate

reflectances, which are linearly related to the percent

tree cover. An example is shown (Figure 8-33) of an
image display giving percent tree cover over Wingate

Sandstone outcrops.

(2) Analysis of the cover with more than two components

can be carried out using a new type of diagram called

tbe PC diagram or, an equivalent in terms of the can-

onical coordinates, the canonical scatter diagram. The

PC representations of spectral groups can be thought of

as analogous to tristimulus values in a chromaticity dia-
grant. Thus, for simple mixtures with two end members,

each member plots as a separate point in a three-space,

representing three components. Mixtures fall on tie lines

between the end mcmbers, with position dependent on

fractional areal abundance. These arguments may be

extended to higher dimensions and larger numbers of

groups. The canonical scatter plot is obtained compu-

rationally with the BMD discriminant analysis program
These diagrams possess the same properties as the PC
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NS-001 data (band-ratios 2/3, 2/4, 4/5) designed to separate

rock outcrops from vegetation cover (Figure 8-23). Detailed

image analysis allowed subdivision of the Cretaceous Burro

Canyon Formation into three previously unmapped subunits.
The structure of this fold is well defined in the images. The

new image units are not easily mapped on aerial photographs.

In general, they correspond to light-colored and red bed sub-

units of the upper Burro Canyon section.

3. Distribution of Wingate alteration. A canonical trans-

form image of the Bendix 24-channel data was prepared from

10 spectral channels covering the wavelength interval 0.46 to

2.36 p,m. The scanner provided an effective ground resolution
of 7 m, more than twice that of the NS-001 images at 15 m.

The canonical transform separates desired spectral groups

(bleached versus unbleached) in an optimum statistical way.

Five subunits of the Wingate can be mapped from rock color

variations. A sixth image unit represents shadowed ground.

No stratigraphic significance can be ascribed to these subdi-

visions on the basis of the image data alone, and different

cosmetic stretches applied to the images change the distribution
of units in detail.

To provide a basis for image interpretation, a new photo-

geologic analysis of the Wingate section was prepared from

high-resolution (l-m) stereoscopic color aerial photographs.

Six informal stratigraphic units were identified that subdivide

the section into three major stratigraphic intervals. These crop

out successively from north to south in the Big Indian District:

(1) an upper unit consisting of predominantly bleached rock,

feathering to the south and overlying (2) a middle unit of thinly

interlayered bleached and pigmented strata called the laminated
unit, and (3) a lower unit of massively bedded unaltered (red)

sandstone. The thinly bedded laminated unit may persist unbro-

ken throughout all exposures, merging in northern and southern

parts with prevasively bleached rocks. Bleaching stratigraph-

ically is confined principally to the Wingate section. An inter-
fingering relationship with the overlying Kayenta Formation

exists and makes placement of a well-defined boundary between
these two formations uncertain.

The principal upper Wingate unit identified as bleached is

identical in both image and photogeologic interpretations. Since

there is less correspondence between the remaining units, the

image units fl)r the most part have no conventional stratigraphic

significance. They may represent a composite of cover types
(trccs, shrubs, grass, soil, or outcrop), alteration effects unrec-

ognized in the aerial photographic interpretations that trans-

gress stratigraphic boundaries; or, they may be a special effect

of the image processing.

Stereoscopic coverage in the aerial photographs was essential

in understanding the geology and the image interpretations.

The NS-001 image data at 15-m resolution are useful for high-

lighting the distribution of bleached and unbleached rocks, but

the photographs with higher surface resolution were essential

in providing an actual stratigraphic and structural analysis of

this problem.

A composite interpretation from analysis of aerial photo-

graphs and images shows the northern and southern Wingate

outcrops to be bleached and a middle interval approximately

5.5 mi long to be unaltered. A thin stratigraphic interval of

partly bleached strata traverses the middle section in the upper

part of the formation.

Bleached strata in the anticline occupy high outcrops 6200

to 6400 ft in elevation. Structurally, the bleached strata lie near

the Lisbon Valley Fault and near the crest of Lisbon Valley
Anticline. While much of the bleached rock has bcen removed

by erosion, it appears likely that bleached sandstone occupied
a cap-like distribution structurally high in the anticline. The

bleached strata may have tilted slightly after the time of bleaching.

4. Distribution of uranium and of oil and gas with respect

to bleached outcrops. In the Big Indian District, Moss Back
uranium mineralization occupies linear trends along fluvial

channels cut in the Cutler subcrop. Major Cutler Formation

ore is confined to sugar-textured sandstone units in the for-

mation adjacent to and beneath the Moss Back uranium ore.
Moss Back ore bodies in the southern part of the anticline are

distributed irregularly. Lekas and Dahl (1956) showed that
all Moss Back uranium ore is confined between the 6200- to

6700-fi elevation contours drawn on the top of the Cutler For-

mation; however, the new Velvet (2) ore body lies at approx-

imatcly 5500 ft. The stratigraphic position of this ore body is
uncertain. Analysis of cross sections indicates that it may lie

either in Moss Back, Cutler, or possibly Moenkopi rocks.

Uranium mineralization in plan view is always overlain by

bleached or partly bleached Wingate strata. In the transition

zone near Expectation and Mi Vida Canyons, the Standard,
Louise, and Mi Vida ore bodies fall below the partly bleached

laminated interval. From analysis of cross sections, bleached

strata were removed by erosion in this interval. Thus, the spatial

coincidence of outcropping totally bleached strata and uranium
mineralization was probably more complete in the past than at

present.

From analysis of cross sections, the mineralized Moss Back/

Cutler intervals fall slightly above or below the boundary between
bleached and unbleached strata in the anticline. The boundary

of bleaching, however, is only approximate as determined by

projection from the photogeologic data and is not geometrically

constrained apart from the surface exposures.
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for the flight times on the surface and at altitude are unknown.

An analytical study shows that a simple linear relationship is

approximately preserved by these empirical atmospheric cor-

rections relating the adjusted scanner radiance and average

reflectance properties of surface resolution elements. The gain

and offset constants in this calibration equation combine together

the atmospheric and instrumental parameters of the mode/. The

calibration constants may be fixed by comparison with the field
reflectance data (Appendix B). Thus, the scanner radiance may

be transformed to a pixel-averaged nondirectional surface

reflectance. The reflectance (a nondimensional parameter) is a

proportionality constant between radiance incident at the scan-

ner and encoded voltage. However, rescaling and cosmetic

stretching transformations usually required ['or image display

either as raw bands or ratios generally distort calibrated image

data and do not impart any fundamental significance to the

images so adjusted. Ratio transformations are in general non-
linear transtbrmations.

The linear (or nearly so) relationship between gradient-

corrected radiance and ground reflectance leads to the important

result that the correlation matrix computed over the scene is

independent of both the gain and offset factors. Thus, the

relationship is computationally equivalent to the correlation
matrix that would be obtained if it were computed from the

average Lambertian surface reflectance directly.

PCs based on eigenvectors from the correlation matrix are

independent of gain and offset factors. PC images based on

the correlation matrix can be made independent of all atmo-

spheric and instrumental effects utilizing the linear model. A

comparison of results obtained using the covariance matrix

shows that computationally the results based on the covariance
and the correlation procedures are highly correlated and essen-

tially equivalent, although the covariance tormally contains

products of gain factors as multiples to each matrix element.

These multiplying factors rotate and expand or contract the

ellipsoid describing the data swarm with respect to the original
(radiance) axes. Coincidence of the covariancc and correlation

results shows that the cross products in gain factors are approx-

imately equal element for element in the matrices.

PC images, constructed from three of the first four variables,

separate adequately spectrally different cover types on an aver-

age basis. The PC method is a self-consistent linear reduction

technique. The PCs themselves are uncorrelated and describe
orientations of the principal directions of the scatter ellipse,

ordered according to decreasing variance. Marginal enhance-

ments (stretches) applied to separate components expand the

data swarm and separate the points in radiance space. This

expansion is thc basis of the decorrelation enhancement process

which also entails an inverse rotation to original axes. Here

the actual PCs are used and the inverse transtbrmation is ignored

because the latter transformation does not help to separate the

groups. The PC transformation (plus the usual marginal

enhancements required for image display) provides an optimum

method for image analysis. First, the linear reduction property

of the transformation allows the data from all wavelengths to

be included. Second, the components corrected for angular-

dependent atmospheric effects are representative of average

ground reflectance properties directly; field calibration is

unnecessary for the transformations based on the correlation

matrix. Third, marginal enhanccments required for artistic image

construction stretch the separation of spectral groups in radi-

ance space and thus enhance these characteristics for display.

A similar method based on the canonical transform provides

for optimum separation of spccified groups in the data swarm.

C. Geological, Geochemical, and Remote

Sensing Results

The NS-001 and Bendix 24-channel aircraft data have been

used for geologic mapping throughout the Lisbon Valley area
and for mapping in greater detail bleached (altered) and

unbleached (unaltered) facies of thc Wingatc Sandstone.

1. Lisbon Anticline. The distribution of rock types through-

out the anticline was described from PC image mosaics con-

structed front the second, third, and lburth components (Figure

g-2l), This transtormation was computed from a covariance

matrix estimate fiom sampling flight linc 6 and is referred to

as transform I (Appcndix C). Translorm 1provides an excellent

separation ofthc bleached and unbleached facics ofthc Wingatc
throughout the anticline and a good separation of all mapped
formations on the southwestcrn flank. Subunits of several for-

mations can also bc idcntilied. A major unconformity sepa-

rating Paleozoic and Mesozoic strata is represented. The Lisbon
Valley Fault is displaycd by topographic alignments and by

truncation of important rock units where such units intcrscct

the fault. Major areas of cultural disturbance (removal of tree

cover for land reclamation) can be identificd and easily mapped.

To improve separation of the Wingate and its inlormally
delined subfacies from other rock units present and from each

other, PC transformations were prepared from subareas of the

images encompassing mainly the Wingate outcrop (Figure

C-11. Transfl)rm 11 (Appendix C) was prepared from sampling

a subarea comprising approximately 20 percent of the Wingate

outcrop. These images are presented for comparison, but are

not analyzed in detail. The analysis (Appendix E) shows that

actual separation of points in PC space remains invariant under

these two transformations or under any orthogonal transfor-
mation like them.

2. East Coyote Wash. East Coyote Wash Synclinc lics

northcast of Lisbon Anticline. CRC images were prepared from
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and Paradox sulfur alone can account for the sulfide

sulfur in Moss Back pyrite, but not for the complete

range in 834S for uranium (and copper) sulfides observed

by Field and Jensen (1960) and by Schmitt (1968). On

a simple mixing model, this range could be accommo-

dated by varying degrees of incorporation of local light

bacteriogenic sulfur together with either indigenous or
outside sources of heavier sulfur. The case for possible

outside sources of crude oil and associated gases is

strengthened by reports of the presence of tar residues

and asphaltic sands in some deposits ILoring, 1958;

P. Niesen, personal communication, 1981).

For carbon the findings were:

( 1) The isotopic composition of organic (i.e.. noncarbonate)
carbon in Moss Back ore samples has 8 _:_Cvalues rang-

ing between -20 and -28, well within the range of

land plants, and organic C in sediments and petroleum.

It is not possible to distinguish among such sources on
the basis of these measurements alone.

(2) 813C in carbonate lies within the expected range of fresh-

water limestone, atmospheric CO2, and the CO2 values

for Leadville reservoir CO2. It is not possible to distin-

guish among these sources on the basis of isotopic mea-
surements alone.

The sulfur and carbon isotopic measurements on ore samples

reported are consistent with the presence of outside sources of
carbon and sulfur from oil and gas reservoirs beneath, but do

not establish that such admixing has actually taken place.

It is possible that post-faulting (Laramide) and hence post-

ore deposition seepage of petroleum has occurred along fault-
associated fractures. In this case, the petroleum might be

a transporting agent for uranium (Bregcr and Deul, 1959)
but would not have an effective role in the emplacement of

Triassic-age Chinle/Cutler ore bodies. The association of
crude oil with uranium would then be fortuitous or, at least,

be relegated to a secondary role.

X. Summary

The Geosat uranium test site at Lisbon Valley represented

a unique opportunity to apply remote sensing techniques to

mapping problems in a major sandstone uranium district. The

structural setting, lithologic diversity, presence of mappable

alteration, and generally good rock exposures enhanced these

investigations and provided excellent targets for application of
the methods. Aircraft scanner images have been used to map
for the first time the distribution of altered rocks in the area.

These distributions have been related spatially to the distri-
bution of uranium ore bodies and oil and gas accumulations

or petroleum source rocks present in the subsurface. The geo-

logic relationships are emphasized in the main body of the

report. Developments in the remote sensing formalism that
resulted from this work are included in Appendixes A-F. These

appendixes, summarized below, cover data reduction methods,

image calibration, vegetation/rock mixing models, and PC

analysis.

A. Geologic Setting

Lisbon Anticline in southeastern Utah is a breached diapiric

salt structure developed in Paleozoic and Mesozoic sediments.

The anticline is the locus of major sandstone host uranium

deposits in the Moss Back Member of the Triassic Chinle
Formation and the Permian Cutler Formation. The host sedi-

ments crop out on the southwestern [tank of the anticline, but
the mineralized rocks themselves do not and are in general

overlain by 20 to 300 ft of red beds of fluvial (upper Chinle)

and eolian (Wingate) origin. The Wingate Sandstone is bleached

of iron-oxide pigmentation (altered) over the mineralized areas,

but the intervening section of upper Chinle sediments is unal-

tered. Deeper in the anticline are accumulations of oil and gas

occupying four distinct Mississippian, Devonian, and Penn-

sylvan[an reservoirs as well as a wide distribution of nonpro-
ducing but still petroliferous rocks. The reservoirs have prob-

ably been faulted and the nonproducing and petroliferous source

zones fractured and deformed by salt flowage in the anticline.

Many of these more extended sources may have leaked to

higher stratigraphic intervals along fractures, possibly even to
the surface.

Alteration (bleaching) of permeable red beds in the crest of
the anticline has occurred. The areal extent of alteration is

bounded approximately by the present oil and gas accumula-

tions; the uranium mineralization coincides in projected area

with the distribution of bleaching and deeper petroleum source
rocks.

B. Correction and Analysis of Aircraft Scanner Data

Aircraft remote sensing data are corrected for geometrical

distortions (mirror profile or panorama aspect ratio and a rub-
ber-sheet distortion for compensation of aircraft motion) for

approximate registration to a map base. Additional radiometric
corrections to the radiance data themselves are essential to

remove atmospheric and possibly directional surface scattering
effects (Appendix A). Scattering typically introduces a strong

brightness variation across the aircraft flight path. The correc-

tion functions are estimated empirically from line averages of
the scanner radiance values and are introduced multiplicatively.

The corrections accurately eliminate spurious angular atmo-

spheric effects appearing in the raw image data. These atmo-

spheric corrections would be cumbersome to model and remove
mathematically because constraining atmospheric parameters
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Figure 8-54. Distribution of (_13C in petroleum (condensate), natural

gas, and total organic carbon and carbonate from Moss Back ura-
nium host sandstone. W = Wood, RA = Rio Algom, FW = Far West,
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Figure 8-55. Variations in the Isotopic carbon composition in some

natural materials (data from Bender, 1972)

Table 8-19. Carbon isotope data

(a) Uranium ore samples,

Moss Back Member, Chlnle Formation

Mine Sample Carbon CaCO3

% TOC 81_C a CaCO 3, % 813Ca

Rio Aigom 0.06 -22.06 23.3 -7,33 _+0.06 b

Far West 0.07 -26.34 4.07 -5.90

Wood 2.56 -20,5 53,4 -4.51

Mi Vida (Steen) 0.07 -26.29 0,91 -8.95 ± 0.05

(b) Crude oil samples

Oil Sample Reservoir &'_C (Total C)"

Big Indian No. 4 Hermosa -27,37 ± 0.06 b

Union B63 (Pure No. 2 USA "C") Paradox 29.04 + 0.03

Union B84 (Northwest Lisbon) Leadville -25.71 ± 0.04

Lisbon Northwest Leadville 25.61

(C) Gas samples, Leaflvllle reservoir

Gas Sample (_I3C(CH,I) (_13C(CO2)

Big Indian No. I -40.46 -6.70
Lisbon Northwest - 42.41 _+0.02 --7.07 _+0,03

Mesa Petroleum (No. 2-21-F) -39.52 8,87

aStandard isotope is Peedee Formation belemnite,

bStandard deviation is based on duplicate runs.
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Figure 8-53. Distribution of sulfur isotopic values found for ore stage

pyrite, H2S, and petroleum (condensate) in Lisbon Anticline. Ranges

of petroleum and sedimentary sulfide values are from Thode (1972).

W = Wood Mine, RA = Rio Algom Mine, FW = Far West, MV = Mi

Vida. J and M are sulfur values reported by Jensen (1958) and by

Miller and Kulp (1963), respectively.

The carbon isotopic values for ore samples and for crude

oils are virtually inseparable on a simple mixing model. The

carbon isotopic composition of these ore sandstone samples

could accordingly be pictured as arising from any admixture

of land plant carbon and petroleum carbon. The isotopic values

for CO2 between reservoir gas and sandstone cement are also

inseparable. Based on the limited sampling, the carbon isotopic

results are consistent with petroleum sources of carbon in the

ore sediments, but the results do not establish that these carbon

sources have actually been admixed.

6. Summary. Sulfur and carbon isotopic measurements were

made on ore stage pyrite and diagenetic stage calcite from

Moss Back ore deposits and on Mississippian(?)/Pennsyivanian

crude oil and methane, H2S, and CO> The sampling involved

examining a limited number of ore samples from throughout

the mineralized belt and examining oil and gas samples from

all of the major producing reservoirs and strata in Lisbon Anti-

cline. For sulfides, the findings were:

(i) The Cbinle ore stage pyrite values obtained are 40 per

rail heavier than observed by Jensen (1958) and Miller

and Kulp (1963), who advocated a predominantly bac-

terial source for the ore stage sulfur in sulfide. The

heaviest values indicate (outside?) sources of heavier

sulfur in addition to any indigenous bacterial sources

present.

(2) 8-values for 34S tor crude oil and HzS range from - 12

per nail for Mississippian reservoirs to - 11 per mil for

a Paradox Formation condensate. The range for Hermosa

Table 8-18. Sulfur isotope data

(a) Pyrite in uranium ore samples,

Moss Back Member, Chinle Formation

Mine Sample S as Sulfide, %

Rio Algom 0.13
Far West 0.06

Wood 0.29

Mi Vida 0.26

(_34S Pyrite a

3.70

12.5

+ 2.0

-4.28 +_ 0,18 b

(b) Crude oil samples

Off Sample Reservoir

Big lndian No. 4 Hermosa
Union /363 (Pure No. 2 USA "("') Paradox

Union B84 (Northwest Lisbon) Leadville

Lisbon Northwest Leadville

Total S, g

O.Ol

0.04

0.050

8_'_S(Total S)_

+ 3.49

-9.30

+ 13.19, + 13.28

+ 11.49

(c) Gas samples, Leadville reservoir

Gas Sample

Big Indian No. 1

Lisbon Northwest

Mesa Petroleum (No. 2-2 I-F)

_Standard isotope is Canyon Diablo meteorite.

hStandard deviation is based on duplicate runs.

_3_S (H2S)

Insufficient H2S to measure

+6,54 + 0.17 b

+ 10.98
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Table8-15.ParageneticmineralsequenceatMIVidaMinea

Mineral
Time of Deposition

Early

Detritals
(including
carbonaceous
material)
Cement
(and authigenic
constituents)

Quartz
Barite

Clay
Calcite

Sulfides

Pyrite

Chalcopyrite
Galena

Greenockite

Ores

Vanadium clay
Uraninite

Coffinite

V +4 oxide

Montroseite

Corvusite

Metatyuyamunite
Pascoite

_From Gross (1956).

2

E

8--

Late

The distribution of carbon isotopic values found for Chinle

ores, crude oil, and gases at Lisbon Valley is given in Figure

8-54. These data are tabulated in Table 8-19. The variation in

isotopic carbon composition for some natural materials is given

in Figure 8-55. Isotopic values for organic carbon in the Chinle

ores range from -20 > _JaC > -28, while those for oil

samples range from -25 > 813C > -30. These values are

in the range usually found for land plants or organic carbon in

sediments and in petroleum, respectively. Methane from the

Table 8-17. Chemical analysis of samples from Lisbon Anticline oil
and gas reservoirs a

Mesa Petroleum

Component (Fed 2-21-F), Big Indian Well No. 1,
mol %.

mol %

Oxygen 0 0

Nitrogen 9.75 0.51
Carbon dioxide 19.03 5.63

Hydrogen sulfide 0.97 0.17
Methane 62.16 6.30

Ethane 5.05 6.05

Propane 1.62 5.67
[so-butane 0.39 3.07

N-butane 0.50 5.54

Iso-pentane 0.23 4.92

N-pentane 0. I 1 4.26
Hexanes 0.19 10.82

Heptanes and higher 47.06

Total 100 It'R)

Specific gravity (60 ° FI 0.847 0.716

_'Provided by B. Govrean, Union Oil Company (1981).

Big Indian No. 1 and Mesa reservoirs is isotopically 12 per

rail lighter than crude carbon from these reservoirs and, based

on this difference, is most likely to be "thermogenic" as opposed

to "biogcnic" in origin (Hoefs, 1980, p. 134).

The fiL_C values for calcite cements in the ore samplcs stud-

ied span -4 > _n3C > -9 and from Figure 8-55 fall within

the range found for freshwater limestones and atmospheric

CO2. Values of CO2 reported are 32 per rail heavier than the

ass_'iated methane and fall outside the range rcIxwted lot marine

limestones by 6 to 7 per rail. These differences are close to

those expected from decarbonation for mat-ine limestone by

noncquilibrium reactions of + 3 to + 5 per nail (tloefs, 1980,

p. 164).

Table 8-16. Well locations and data on samples for Isotope analysis from producing zones and oil and gas reservoirs, Lisbon Valley

Production Depth
Reservoir Designation Location Formation or Gravity

Interval, ft

Oil Big Indian No. 4 Sec. 14, T30S, R25E Hermosa (Pennsylvanian) 4234 4681 47 ° API d

Pure No. 2 USA "C .... Sec. 3, T30S, R24E Paradox (Pennsylvanian) 6050--6065

Lisbon field composite h Sec. 4, T30S, R24E Leadville (Mississippian) 8500 9000 52 ° API in oil ring d

NW Lisbon field _ Sec. 4, T30S, R24E Leadville 8500 9000 71 ° API in gas cap d

Gas Big Indian No. 1 Sec. 33, T29S, R24E Leadville 9886 10,500

Lisbon field composite Sec. 4, "1-30S, R24E Leadvilte 8500-9000
Mesa Petroleum 2-21-F Sec. 21, T30S, R25E Leadville 9220 9400

_Union Well No. B63.

bCollected February 1981 by B. C. Govreau, Union Oil Company of California.

'Union Oil Compan); Well No. 1384.
'1Parker (1966).
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Table 8-13. Location and description of uranium ore samples used in isotope studies,

Moss Back Member, Chinle Formation, Lisbon Valley

Mine Location

Rio Algom SE I/4, Sec. 21, T29S,
R24E

Far West SW I/4, NW 1/4, Sec. 28,

incline T29S, R24E

Wood NE 1,/4, Sec. I, T3IS, R25E

NW I/4, Sec. 6, T31S,
R26E

Mi Vida C, Sec. I I, T30S, R24E

(Steen)

Hand Specimen Description

Sandstone, dark brownish-gray color, medium

grained, poorly sorted; bedding indistinct, defined

by flattened black resinous carbonaceous blebs

well indurated with abundant calcite cement.

Sandstone, dark-gray to black color, fine-grained,

well sorted, grains rounded to subangular: bed-

ding indistinct, marked by black bands and blebs.
Medium-well indurated.

Sandstone, light-gray color, coarse grained, poorly

sorted, grains rounded to angular; bedding indis-

tinct to absent; dark-gray to black resinous blebs.

Brown and black dusting of pyrite in crude vein

structure; well indurated with abundant calcite

cement.

Sandstone, dark-gray to black color, medium to

coarsely grained, poorly sorted, grains rounded to

subangular; bedding indistinct, marked by flat-

tened dark blebs. Pyrite in dark colored patches.

Table 8-14. XRD analysis of uranium ore samples

Mineral

Name

Organic material

Quartz

Barite

('lay (kaolinitel

Calcite

Pyrite

Chalcopyrite

Galena

Greenockite

Vanadium cla,

Uraninite

Coflinitc

V ' ) oxide

Montroseite

('orvusitc

Metatyuyamumte

Pascoite

Oligoclase

K-feldspar

Roscoelite

Amorphous

SiO,

Glauconite

Composition

Corrensite

m

BaSO_

AI:Si20,(OH )a

('aC()_

FeS,

('uFcS,

PbS

('dS

o

U O ,' ('?

U(SiO,), ,(,)ll)_,

V __0 ?

(V "_Fe' _)O(OH)

('a(UO, l,(WO_),3 5HzO

Ca Vi,(),_, _ wH,O,,.
,An I0-. 30

KAISi_O s

K(V.AI,Mg),

AISi_Om(OH)

(K,Na)(Fe' _.AI, Mg):

(Si,Alt4OI,(OH) .,

( Mg,l:e,AI)_(Si,AI)_ ():,j (OFI)t."_ tt.,O
AI, Fe +_, Fe __Li. Mg.
Mn, Ni AL B, Si. Fe t_

l,ocation Name

Rio Algom Far West Wood Mi Vida

Present

Very Major Minor Very

major major

Trace

Maqor Major Major

Very' Very' Tracc Very'
minor Ill irlor minor

Very Minor Trace
minor

Very'
minor

Very Very Very'
minor minor minor

Trace Very'
minor

Minor Minor Very Very
minor minor

Very Trace
minor
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SUBSURFACEFAULTS
U
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T30S

PURE C84

(LEADVILI F, MI

LISBON NW

PENN. )

MESA PETROLEUM
LI SBON NW #2-21-F
(LEADVILLE, MISS.) (LEADVILLE, MISSJ

R24E
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T30S

CONDI

WOOD

R25E

Figure 8-52. Isotope sample sites for oil and gas reservoirs and tor uranium deposits in the anticlines. See Table 8-13 for detailed township and

range locations of wells and mines. Big Indian Well No. 4 provided condensate.

value. The Big Indian No. 1 Mississippian reservoir gas sample

does not contain enough H2S for analysis.

The isotopic value for sulfur from ore stage pyrite in the

uranium samples analyzed are all isotopically heavier than the

extremes reported by Jensen (1958) and by Miller and Kulp

(1963). This indicates that the isotopic history of sulfur in these

deposits during the mineralization episode is, insofar as it is

reflected by the sulfur value in pyrite, more complicated than

a simple, uniform derivation of pyrite sulfur from local bac-

terial sources. On the basis of a simple sulfur mixing model,

the range of sulfur isotopes observed for these ores could be

accounted for by:

(I) Hydrothermal origin of the sulfur.

(2) Derivation of the sulfur from Hermosa and Paradox crude

oil directly, with no contribution of local bacterially

formed sulfur from sulfate.

(3) Derivation of the sulfur from Leadville crude and/or H2S

with mixing of local bacterially tbrmed sulfur from sulfate.

(4) Derivation of sulfur from Hermosa and Leadville petro-

leum sources together with locally derived contributions

of bacterially formed sulfur from sulfate.

The sulfur data alone cannot distinguish among these possibilities.
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oil was combusted in a Parr bomb in 30 atm oxygen to produce

sulfate in solution. BaCI2 was used to precipitate the sulfate

as BaSO4, which was combusted in quartz powder to evolve

SO2. For sediments, samples were treated with phosphoric acid
in closed tubes to dissolve dispersed carbonate cement and

liberate CO2 for subsequent analysis.

The procedures for rocks/sulfides were as follows: crushed
rock was leached with dilute HC1 to remove sulfide present,

followed by aqua regia digestion. The sulfide present was thereby
oxidized to SO42 and subsequently precipitated as BaSO4.

The BaSO4 was precombusted at 600 ° C to remove organics,
then combusted with quartz powder to produce SO2. To study

the organic carbon, crushed rock was first treated with dilute
HCI to remove carbonate. The remaining procedures were iden-

tical to those used for analyzing sulfur in oil.

Isotopic ratio measurements are reported as a-values given

in per rail by

(,4s (34s)
_34 S = X 1000

348_
3_Z

\ S/Sta.da.I

"C] Sample _ C] Standard

J3C = × 1000

t3C_

_k C/] Standard

3. Uranium ore samples. Sandstone samples containing

uranium ore from four mines were provided by P. Niesen of

Atlas Minerals Corporation. The locations of the ore bodies

are given in Figure 8-52, and sample locations and descriptions
are included in Table 8-13. These samples were analyzed by

XRD methods for the major, minor, and trace mineral phases

prcsent; the results arc listed in Table 8-14. For all samples,

the only sulfide found is pyrite and the only carbonate, if
detected, is calcite. Gross (1956) has studied the mineralogy

and paragenesis of uranium ore at Mi Vida Mine. The para-
genetic sequencc determined is listed in Table 8-15. All of the

detrital quartz, feldspar, micas, rock fragments and carbona-
ceous trash were cemented by authigenic silica, barite, calcite,

or clay. Vanadium clay, coffinite, uraninite, montroseite, and
V _4 oxide replaced carbon trash, calcite cement, detrital grains,

and the pyrite found in mudstone pellets. Pyrite was introduced
at the time of uraninite and V _4 oxide emplacement. Chal-

copyrite was also early in the sequence, but its age relative to

pyrite and uraninite could not be determined. The isotopic

composition of sulfur in pyrite thus appears to provide the

isotopic composition of sulfur present during mineralization.

Campbell (1981) notes that for Cutler ore the diagenetic

sequence indicates uranium and vanadium were introduced late

in the sequence, after oxidation had formed hematite and before
calcite cement had formed. These ore bodies apparently formed

without reductants, perhaps through sorption of uranyl by

hematite.

4. Oil and gas samples. Oil and gas samples from five

separate reservoirs or producing horizons throughout Lisbon
Anticline were obtained courtesy of Union Oil Company of

California. The locations of these samples are included in Fig-

ure 8-52. Precise well locations and producing intervals are

listed in Table 8-16. The production intervals are shown in

cross sections of Figure 8-47. Chemical composition of the

samples from two wells is given in Table 8-17. For additional

chemical data on gas and crude from Hermosa and Mississip-

pian reservoirs, refer to Parker (1966). According to Parker

(1966), the most significant chemical differences between Upper

Hermosa and Mississippian gases are the higher percentages

of nitrogen, CO2, and helium in the Mississippian. The Upper
Hermosa and Mississippian gases arc not reported to contain

H2S, except for Mississippian well 2-21-F.

The Upper Hermosa sandstones are not productive at Lisbon

field because the beds crop out and are buried only a few
hundred feet beneath the surface. These sandstones do produce

from Lisbon Canyon Anticline on the downthrown blocks of
Lisbon Fault. The reservoir is now shut in; the sample in hand

represents the only one available of Hermosa condensate.

5. Results. The distribution of sulfur isotopic valucs tbund

for ore stage pyrite and for total sulfur in oil and H2S is plotted

in Figure 8-53 and listed in Table 8-18. In addition, the values

for pyrite with organic trash from Mi Vida Mine were plotted
(reported by Jensen, 1958, and Miller and Kulp, 1963) and

represent extremes found for H2S of supposed bacterial origin

at this site. The sulfur isotopic values reported here for ore

stage pyrite are + 2 > _348 _ -- 13, considerably heavier than
earlier numbers and among the heaviest reported by Field and

Jensen (1960) for Big Indian Wash sulfides (Figure 8-51). The

present numbers are approximately equal to those reported by
Field and Jensen for "hydrothermal" pyrite from Miner's Basin.

They are near the mid-range found for the spread of normal

sedimentary sulfides given by Thode (1972).

For crude oil, the sulfur isotope values for Hermosa, Par-

adox, and Leadville samples are isotopically distinct from sul-
fur. The Hermosa and Leadville numbers fall within the range

for crude oils reported by Thode (1972), whereas the Paradox

value is substantially lighter.

The values of _34S for H2 S for Mississippian gas are iso-

topically lighter by a few per mil than the associated petroleum
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leached during past or modern alteration episodes. All pyrite

present has been altered to limonite or goethite. Petroleum

residues are extremely sparse (coatings on a few grains in cores

from Rio Algom Mine), and insufficient material was presently

available for analysis.

Field and Jensen (1960) and Jensen (1958) made an isotopic

study of sulfide minerals with sandstone-type uranium deposits

of the Colorado Plateau and Wyoming. Specimens of pyrite

with coalified wood at Mi Vida Mine have _34S values ranging

between -42.8 and -47.7 per mil. Similar light values for

sulfur have been found by Miller and Kulp (1963) for the

Lisbon Valley deposits. These light 6-values were attributed

to H2S derived from anerobic bacteria in carbonaceous-rich

zones acting on sulfates in ordinary groundwater. Schmitt (1968)

studied uranium and copper mineralization in the Lisbon Valley

Mining District and summarized all of the previous sulfur iso-

topic measurements for the area (Figure 8-51). He pointed out
that the average values lk)r the Lisbon Valley sulfides are nearly

identical, suggesting ordinary sedimentary fractionation processes
as the source of observed variation.

Alternatively Jacobs (1963), as reported by Schmitt (1968),

suggested that these variations could result from multiple sources

of sulfur, including hydrothermal solutions, evaporites, petro-

leum, and artesian waters, although no isotopic data were pre-
sented for such source materials for the area. Schmitt (1968)

concluded that to account for the extreme sulfur isotopic light-
ness observed, bacterial fractionation must have affected much

of the sulfur as sulfide in the deposits studied. Multiple episodes

of bacterial fractionation may have been involved. Individual

deposits were found to be isotopically distinct with respect to
sulfur.

2. Chemical procedures. All carbon and sulfur isotopic

measurements reported here were made by Global Geochem-

istry Corporation, Canoga Park, Calil\_rnia. The following

chemical procedures wcrc used (1) for analyzing carbon and
sulfur in gas and liquid petroleum phases, and (2) for analyzing

carbonate cements, organic carbon, and pyrite in sediments.

CO2 in gas phases was separated from methane in a gas
chromatograph. H2S was precipitated with silver nitrate. The

silver sulfide precipitate was ground with cuprous oxide and

burned in a vacuum line to evolve SO2. For carbon, crude oil

was mixed with cupric oxide, placed with silver foil (for removal

of halogens and sulfur) in a closed combustion system, and
fired at 850 ° C for 8 hours to evolve CO2. For sulfur, crude

I I

LA SAL MTNS, MINER'S BASIN

(FIELD AND JENSEN, 1960)

BIG INDIAN WASH

(JENSEN, 1958; FIELD AND

JENSEN, _9601

BIG INDIAN WASH (MILLER

AND KULP, 1963)

LISBON VALLEY (SCHMtT'T, 1968)
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Figure 8-51. Distribution of 6-values for sulfur isotopes from hydrothermal uranium deposits (Miner's Basin, La Sal Mountains, Utah) and

sedimentary uranium deposits (Big Indian Wash and Lisbon Valley) (from Schmitt, 1968)
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(1974) and Ferguson ( 1979a, 1979b, 1981 ) discussed the rela-
tionship between the bleached Permian red sandstones in anti-

clines and the oil and gas accumulations in underlying Penn-
sylvanian formations for several oil fields in Oklahoma. Donovan

(1974) described alteration in Cement Anticline of gypsum

beds along the flanks to carbonate rocks in the crest. Associated

red sandstones there are altered to pink, yellow, and white on

the flanks, and to hard carbonate-cemented gray sandstone in

the crest. Color changes in the sandstones were related to

reduction and dissolution of ferric iron in the presence of hydro-

carbons. Calcite found in rocks containing abundant petroleum

residue was interpreted to result from hydrocarbon reaction

with sulfate (gypsum) to form carbonate. The H2S thereby

liberated changed hematite to pyrite and aided in the bleaching

of the rock. Calcitized gypsum has a light carbon isotopic

composition over the oil productive zones, suggesting an influ-

ence of hydrocarbons on the isotopic compositions of these
carbonate cements.

2. Velma, Eola, and Chickasha fields. Ferguson (1979a,
1979b, 1981) described the distribution of carbonate cement

and pyrite with depth in anticlines in bleached Permian red
sandstones over three Oklahoma oil fields (Velma, Eola, and

Chickasha). The surface anticlines overlie complexly folded
and faulted Pennsylvanian reservoir rocks. Permian sandstones

are typically altered to white over anticlinal crests--a color

change that results from alteration of clay, limonite, and hema-

tite cement to calcite, dolomite, and pyrite. Bleaching is restricted

to sandstones and probably resulted from reduction of iron

oxides to pyrite. Pyrite cement occurs in zones overlying pre-

Permian faults and oil-productive areas. The pyritiferous Per-

mian zones have sharp vertical boundaries and are largely con-

fined to regions above oil accumulations. Solid petroleum res-
idues are conlmon.

3. San Rafael Swell. Davidson (1967) has described the

distribution of bleaching in red Moenkopi sandstone throughout

the San Rafael Swell. The lower part of this sandstone unit is

bleached. The upper boundary of bleaching is a nearly hori-
zontal surface extending across the anticline. The degree of

bleaching is correlated with the abundance of solid hydrocarbon

residue present, with the most intense alteration accompanying

the highest abundancc of "dead oil."

4. Comparison to Lisbon Anticline. in Lisbon Anticline,

alteration is largely confined to the Wingate Sandstone and to

the thin sugar sandstones of the Cutler Formation; the sugar

sandstones appear to control the distribution of Cutler and Moss

Back uranium mineralization. The Wingate Sandstone has been

removed by erosion from much of the axial region and is not

exposed on the northeastcm side of the fault. Consequently,
the initial pattern of alteration throughout the structure is

incompletely known. Geometry of the known outcrops suggests

that altered rocks lormed a cap in the structure and that the

sandstone is largely unaltered on the flanks. Bleached rocks

contain no carbonate cement, and petroleum residues are

exceedingly rare or have not been recognized. Limonite and

goethite pseudomorphous after pyrite have been reported from

bleached Wingate (Loring, 1958), but pyrite is absent. The

distribution of bleaching near Big Indian Valley is encom-

passed within oil- and gas-producing limits of reservoirs in

Mississippian dolomites lower in the anticline. A large area of

potential Mississippian reservoir rocks in a graben beneath the

salt diapir does not contain oil or gas that may have leaked to

the surface. The source rocks are problematical. Other for-

mations including Paradox black shales and Upper Hermosa
sandstones are also petroliferous and have a wide distribution
in the anticline. Since these oils or condensates are all of amber

color and high gravity, weathered residues at the surface might

not easily be retained or identified. Identitication of the bleach-

ing agent with hydrocarbons or the related sour gases cannot

be made with certainty, but the distribution of known produc-

tion and the provable extent of other petroleum source beds

make such liquids and gases good candidates.

E. Carbon and Sulfur Isotope Measurements on Oil,

Gas, and Uranium Ore Samples

I. Background. The possible role of petroleum or H2S as

a reductant helping to fix uranium in these deposits cannot be

settlcd by geometrical arguments alone. As an aid in sorting

out the possible significance of petroleum or petroleum-related

HeS and CO, in the fl)rmation of the Lisbon Valley deposits,

carbon and sulfur isotope measurements have been made on

calcitc and pyrite from four separate Moss Back ore bodies

extending over the entire mineralized zone. In addition, oil
and gas samples representing all of the major reservoir or

producing horizons in the anticline have been obtained; carbon

and sulfur isotope measurements were made of CH4, CO2, H2S

in gas phases and for total carbon and total sulfur in the petro-
leum liquids.

In addition to rneasuring sulfides, bleached Wingate was

examined for evidence of the reductants or processes involved

in that alteration. Donovan (1974), for example, described

carbon and oxygen isotopic measurements on calcite cement
over the Cement field, Oklahoma. Calcite is found in sand-

stones containing abundant petroleum residue and was inter-

preted to result from hydrocarbon reaction with gypsum. All

of the carbonate cements examined were isotopical[y light
(8_:_C = 25 per rail) when compared to values expected if

in equilibrium with atmospheric or oceanic sources of carbon
or carbonate ( - 7 per mil). This suggested a hydrocartxm source

for at least some of the carbonate carbon present. Calcite cement

is absent from all bleached Wingate outcrops and hand spec-

imens cxamined from Lisbon Anticline, evidently having been
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Figure 8-49. Stability fields from ferrous and ferric iron species in

equilibrium with FeSz and iron hydroxide species superimposed on

the stability field for uranyl carbonate and other species in the system

U-O2-H20. Blackened area represents Eh-pH field for simultaneous

sfability of soluble uranium species and soluble ferrous species in

equilibrium with FeS 2. Heavy line diagram represents data from Adler

(1970); light line diagram from HosteUer and Garrels (1962).

Removal of the pigment together with redistribution as hydrated

iron oxide {]imonite) is thought to occur in a two-step process,

lron is cast into soluble ferrous and ferric species as follows:

(1) Pyritc is fommd (Karstev et al., 1959):

2H2S + Fe203-+ FeS2 + FeO + 2tf20

(2) Iron sulfides are put into solution in oxygenated water

by the stochiometric reaction (Singer and Stumm, 1968):

and

7

FcS2 + 2 02 + H20 ---+ Fe +2 + 2SO4 " + 2H

I 1

Fe+2+-O2+ H+4 ----> Fe_3 +2 H20

+1.0

+0.8

+0.6

+0.4

+0.2

0.0

-0.2

-0.4

-0.6

-0.8

I I I I

-1.0
0 2 4 6 8 10 12 14

pH

Figure 8-50. Eh-pH relations o! natural environments with the field of

simultaneous stability of uranyl dicarbonate and the Fe_2(aq) -

Fe-hydroxide system (Garrels and Christ, 1965). = is Eh-pH value of

brine from Lisbon field.

The ferric species produced hydrate to form ferric hydroxide

Fe _3 + 3H,O _ Fe(OHh + .H

or they may react with pyrite to give additional ferrous iron

FeS2 + 14Fe * :_ + 8H20 -+ 15Fe _ 2 + 2SO42 + 16H "

These relationships show that dissolution of pyrite leads to

production of acidic waters, four equivalents of acidity being
released for every unit of pyrite dissolved. The low resulting

pH may account for the absence of calcite in bleached Wingate
facies.

D. Relationship to Bleaching of Red Beds
in Other Anticlines

I. Cement field, Oklahoma. Bleaching of red beds over

petroleum accumulations has been noted elsewhere. Donovan
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The possible geochemical compatibility of bleaching red
beds and transporting uranium in solution needs to bc men-

tioned. Such compatibility is suggested to exist if it is assumed

that mineralizing and bleaching events are tied to the same

fluid transport system and, thus, that the mineralization and

bleaching are roughly coincident in time. For a time-coincident
model, the uranium-bearing solutions are responsible for the

solution and transport of iron in the sandstone. Where these
solutions encounter extraordinary reducing conditions, ura-
nium ore is accumulated. The entire motion of fluids is gov-

erned by detailed variations in permeability so that porous

sandstones act as good fluid conduits, whereas tighter clay-
rich mudstones such as the Upper Chinlc are impermeable.

This also means that ore emplacement and bleaching episodes

follow periods of some anticlinal flexure of the host and super-
incumbent strata. The model also assumes that the Wingate

Sandstone existed with either initial dctrital or authigenic hema-

tite pigment.

C. Stability Relations for Ferrous and Ferric Iron

Species and the Transport of Uranium

Bleaching of the Wingate Sandstone corresponds to a reduc-
tion of the iron present from Fe + 3 to Fe ÷ 2, together with a

decrease of the total iron present by a factor of five or so.
Where bleached rocks are in contact with red Chinlc mudstone,

these latter rocks are altered from red to green in a band several
inches wide near the contact. The altered band crosscuts bed-

ding in the Chinle, thus establishing it as later than the time
of sedimentation.

The solution chemistries for transport of Moss Back uranium

as complexed carbonate ions in groundwater may be compat-
ible with the solution redox potential (Eh) and pH required for

bleaching of the Wingate. As an approximation, the stability
field of Fe + 2 in aqueous solution in the presence of PCO2 was

used as a rough measure of the conditions for Wingate alter-

ation. According to a diagram given by Adler (1970) and by
Garrels and Christ (1965), the stability field for Fe + 2 in aqueous

solution depends on the coexisting iron species present.

The simultaneous stability field of Fe + 2 coexisting with py-

rite and Fe(OH)3 for the aqueous equilibrium UO2-H20-CO2
(Hostetler and Garrels, 1962) is shown in Figure 8-49. Fe +2

and hydrated uranyl carbonate, UO2(CO3)-,'2H20 2 coexist

in a roughly trapezohedral region betwccn Eh -0.25 and

+ 0.4 V and pH 6 and 8.5. in natural waters (Figure 8-50),
these conditions are found in transition environments and envi-

ronments isolated from the atmosphere, possibly ones con-

taining organic materials. These environments are not incon-
sistent with those imagined for groundwaters circulating in

contact with buried organic matter or possibly containing petro-

leum components. Collins (1975) has, in fact, measured redox

potentials ranging from -0.27 to -0.30 V in oil field effluents.

Thc Eh ptt value for brines from Lisbon lield is shown in

Figure 8-50.
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Figure 8-47. Reinterpretation of structure sections in Figure 8-46 according to a fault model of the Upper Paradox Formation structural surface

(modified from Parker, 1966): (c) GG'

time because the Leadville Dolomite is thinned by 145 ft over

the dome, and the Molas and Pinkerton Trail Formations do

not thicken over this area. Some post-Pennsylvanian faulting
is indicated if the structural interpretations presented here are

correct. Probably the timing of these folding and faulting events

account in part for the fact that there is no corresponding surface

expression of the graben depicted in the Mississippian-Penn-

sylvanian section. The lack of surface expression of the down-
dropped block could represent reactivation of the Lisbon res-

ervoir fault along with continued quiescence of the more northern

structure bounding the graben.

4. Discussion. The arguments thus far arc purely geomet-

rical and show that faults may be introduced in the Upper
Paradox dolomite and black shale sequence above the Lisbon
reservoir. Introduction of these structures is consistent with

available well data. These structures are required to traverse

the entire section of Middle Paradox rocks, which consist pre-

dominantly of salt within beds of black shale, siltstone, and

dolomite. Flowage of the Middle Paradox is responsible for

the diapiric structure in the anticline. Consequently, the faulted

rocks may have sealed themselves and the actual upward fluid

flow along the structural channel envisaged may have been
limited. Indeed, the presence of oil and gas accumulations

suggests that such sealing has occurred around the reservoir
rocks.

The cxisting reservoirs are not the only sources available,

however. According to Parker (1966), black shales of the Par-
adox Formation are probably important petroleum source beds

and the Paradox itself has productive intervals. In addition.

sandy horizons in the lower part of the Upper Hermosa For-
mation are productive and may have had different source rocks.
These sandstones do not act as reservoirs on the southwestern

side of the Lisbon Valley Fault because the beds are exposed

without closure in the core of l.isbon Valley Anticline. Taken

together, these additional petroleum sources arc wklcspread
and occur within and stratigraphically above the Paradox salt

barriec.
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Figure 8-46. PennsylvanianParadoxFormation(modifiedfrom Parker, 1966): (b) original contour data

2. Modification to cross sections. The required modifica-

tions in cross sections EE', FF', and GG' (Figure 8-46), con-

sistent with a fault interpretation of the upper reservoir surface,

are depicted in Figure 8-47. In thesc cross sections, dotted

lines represent the previous interpretation according to Parker
(1966) and solid lines the new interpretation. The present inter-

pretation permits a normal displacement of approximately

400 ft along the reservoir-bounding faults. Extension of the

faults introduced past the Upper Paradox is of course not pos-

sible from data presently available. However, several possi-

bilities exist for further extrapolation upward: (1) these faults

propagate through to the surface and are not recognized except
possibly where noted in section GG', (2) the displacements

are pre-Triassic in age and are confined to beds below the Moss

Back-Cutler unconformity, or (3) these faults cut the uncon-

formity, but displacements die out before reaching the surface.

3. Relationship of reservoir and surface structural con-

figurations. A structural section through the Lisbon and Big

Indian fields along the portion AA' of section AA" (Plate
8-4) is shown in Figure 8-48. The vertical scale of the upper

part of the section is exaggerated six times over the lower part.

The dome of the Lisbon reservoir, here shown without faulting,

lies directly beneath an arch in the surface profile between Mi

Vida and Expectation Canyons. Closure on the reservoir rocks
is about 2500 ft, whereas closure at the surface is estimated

to be about 600 ft. Parker (1966) has pointed out that the

Mississippian accumulation pictured in the Lisbon structural

high is unique for the Rocky Mountain area because the folding

and faulting that account for the trap are in part of pre-Penn-

sylvanian age and in part of Late Pennsylvanian-Permian age--
not Laramide, which is common elsewhere. Most of the Lisbon

structural feature was in place before Molas (Pennsylvanian)
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B. A Reinterpretationof theStructure
AboveLisbonReservoir

The physical alignment of bleaching, uranium mineraliza-

tion, and oil and gas accumulations in the Big Indian area

suggests a genetic connection may exist among the three. Oil,

gas, and H2S are possible rcductants for fixation of uranium

and for alteration of iron oxides in red beds (Donovan, 1974;

Ferguson, 1979a, 1979b). The simple idea examined here con-

sists of extending the NE-dipping fault bounding the Lisbon

reservoir on the northeast upward through the section to provide

a direct structural connection for passage of such reductants

from reservoirs or other source rocks at depth to permeable

near-surface units. No obvious surface faulting of appropriate

alignment has been observed, suggesting that the displacements
either die out below the surface or are truncated at an uncon-

formity. Alternatively, the faults may change in dip toward
the surface and emerge elsewhere from positions determined

by simple upward extrapolation. To proceed, structural contour

data were reinterpreted for the Upper Paradox Formation, for

which the well data have been compiled by Parker (1966).

1. Fault interpretation of Upper Paradox structural sur-

face. In Figure 8-46(a), the Upper Paradox surface has been

reconfigured to accommodate passage of the reservoir-bound-

ing fault through that horizon. Additional NE-trending faults

bounding a block with upward displacement, centered over the

reservoir, have been introduced to complete the interpretation.

Structural control data for the upper Mississippian in Figure

8-44 represent the upper surface of the Lisbon reservoir. These

data can also be interpreted according to a fault model that
includes an upwardly displaced block over the reservoir. (This

interpretation will not be developed here.) According to avail-

able well-control data, several additional fracture systems may
thus be in contact with the reservoir and can be extended

through the overlying rock layers.
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Figure 8-46. Pennsylvanian Paradox Formation (modified from Parker, 1966): (a) structure contours on the upper surface of the formation,

interpreted on the basis of a fracture model
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from the Lisbon Canyon Anticline on the northeastern side of
Lisbon Valley Fault. On the southwestern side these rocks are

exposed updip in the core of the anticline (Figure 8-10) and
are not productive (Parker, 1966). Thus, the distribution of oil

(i.e., condensate) and gas in the subsurface is more widesprcad

and both higher and lower in the section than implied in Figure

8-44; the details of this distribution in formations other than

the Mississippian are not known.

'The relations among bleaching, uranium deposits, and oil

and gas accumulations along section line EE' of Figure 8-44
are shown in the cross section of Figure 8-45. The cross section

is adapted from Parker (1966) and additions are made from the

geologic maps of Weir and Dodson (1958a, 1958b, 1958c).
Thc major oil and gas rcservoir comprising the Lisbon field

resides in a faulted anticlinal arch on the southwestern flank

of the anticline 2.5 mi from the surface trace of the told axis.

The position of uranium deposits residing in the Lower Chinle

section along EE' is taken from the ore distribution map, Figure

8-41. The distribution of bleached Wingate rocks is more prob-
lematical. Here the transition between altered and unaltered

sandstone is shown at 6200 to 6400 ft in elevation, corre-

sponding to the lowest altered outcrops observed south of the

scction line. The position of this boundary, however, is inferred.

Bleached Wingate rock is shown to be displaced by the Lisbon

Valley normal fault. This is consistent with truncation ()faltered

strata by the fault in both northern and southern parts of the

anticline and by the presence of bleached strata in drill cores

from Rio Algom Mine. However, the distribution of Wingate
alteration on the downthrown side is not known, and the bound-

ary shown is inferred.

+ 8000

_. 6000

+ 4000

+ 2000
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- 2000
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-6000

7000
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L _

Figure 8-45. Crosssectionalong line EE' showinggeneralizeddistributionof Wingatebleachingand relationsof bleachingto uraniumminerali-
zationand oil and gas accumulations.Principalsectionwasmodifiedfrom Parker(1966); enlargedportionfrom Weirand Dodson(1958a,1958b,
1958c). Positionsof uranium orebodies were calculatedapproximatelyfrom ore distributionshown in Figure8-41. Minor normal faultingnorth-
eastof LisbonValleyFaultnotshownin Figure8,-44.
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Figure 8-43. Transverse sections across bleached and mineralized
intervals. Positions of sections are given in Plate 8-4. Hachured unit is
designated as W, in Figure 8-27, and as a bleached facies of Wingale
Sandstone in Plate 8-1.

These bleached intervals are separated by a middle interval of

largely unbleached strata in the center portion of the structure.

The unbleached section lies on the flank farthest from the crest

and is at a lower elevation. The transition from the bleached

to unbleached section is abrupt, but a laminated, partly bleached

section can be traced along most of the Wingate exposure. This

banded unit is difficult to recognize and map in some places

to the south because the interval appears to thin, and the inten-

sity of blcaching diminishcs significantly. The banded unit is

not discriminated in any of the scanner data studied. Erosion

has modified the distribution of bleached strata. Uranium

nfineralization is always overlain by bleached or strongly banded

partially bleached units (such as at Mi Vida Mine), and is

absent beneath the unbleached section. This Lekas-Dahl inter-

val of mineralization rises in elevation with the bleached section

and is contained within the domain of bleached or partly bleached

rocks.

The initial distribution of bleached sandstone throughout the

anticline of course cannot be determined, but the high topo-

graphic position of remnant outcrops near the axis suggests

that bleached rocks may have formed a cap in the structure.

The lower boundary of bleaching crosscuts the Wingate interval

in the transition zone. Here the stratigraphic details are partly

worked out; additional field study is needed to characterize

fully this boundary and to determine its present orientation in

space. The presence of a hood-like distribution of bleaching

in the anticline suggests the presence of a fluid or gaseous

medium at some point in the history of anticlinal development

that may havc participated in the alteration process. The history

of this can of course only be surmised. Some flexure of the

beds prior to bleaching is implied, and some additional flexure

may have occurred since cessation of the bleaching time interval.

The spatial relations between bleaching and uranium miner-

alization in Lisbon Anticline have been illustrated. The distri-

bution of deposits and the distribution of bleaching correlate

areally. Mineral deposits appear to lie both above and below

but, in general, are adjacent in elevation to the bleached-

unbleached interlace since it is projected horizontally and down

section toward the anticlinal axis. The possibility of further

rotation of the beds since the time of mineralization and bleach-

ing further confuses the geometry and obscures the precise

significance of the Lekas-Dahl interval.

2. Distribution of petroleum with respect to uranium and

bleached outcrops. The distribution of oil and gas in thc Lis-

bon Anticlinc is known from exploration drilling and produc-

tion. Parker (1966) and Preston (1961) have discussed the

stratigraphic and structural configuration of the major produc-

ing reservoirs in detail. The data used here are taken from these

papcrs. The structural contour map drawn on top of the Mis-

sissippian Lcadville Oohnnite detincs the conliguration of the

major reservoir unit in this anticline, This map has been super-

imposed on the bleaching and ore deposit distribution maps in

Figure 8-44. The major dome-shaped reservoirs in Mississip-

pian rocks are fault-bounded against Paradox Formation salt

and black shale beds in a NW-trending graben. Taken together,

the oil- and gas-producing limits of the Big Indian and t,isbon

fields almost completely enclose the distributioh of uranium

deposits and the distribution of bleaching. To the southeast,

bleached outcrops are found 1.5 to 2 mi south of the Little

Valley gas accumulation in Mississippian rocks, in the southern

portion of T30S, R25E, Figure 8-44.

Mississippian rocks in the anticlinc arc not the only horizons

where oil and gas are found. Producing intervals occur in the

McCracken Sandstone Member of the Dcvonian Elbcrt For-

mation, in the Pennsylvanian Paradox Formation of the Her-

mosa Group, and in sandy horizons of the lower part of the

Hcrmosa Formation. The lower Hermosa rocks produce only
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IX. Structural and Geochemical
Relationship Between Bleaching and
the Uranium and Oil and Gas Deposits

A. Distribution of Uranium and Oil and Gas

Deposits With Respect to Distribution of

Bleached Wingate Sandstone

1. Uranium deposit distribution and bleached outcrops.
The distribution of known uranium deposits in both the Moss

Back and in the Cutler Formation is shown in Figure 8-41.

The distribution maps for ore bodies in the Big Indian Valley

area, together with approximate location of the Rio Algom

deposits on the northeastern downthrown side of Lisbon Valley
Fault, were provided by Atlas Minerals. Locations of ore bod-

ies in the southern portion of Lisbon Valley Anticline were

obtained from small-scale maps in Wood's (1968) paper. An

approximate location of the Velvet (2) ore zone was obtained

from patterns of exploration drill sites in August 1979 aerial

photographs.

Ore bodies of the Big Indian area form a belt roughly par-

alleling the face of the escarpment formed by resistant Moss

Back and Wingate sediments. Cutler ore bodies in this zone

occur largely in a linear trend, some following a sugar sand-

stone horizon in the Cutler subcrop. Ore bodies in the southern

area, on the other hand, are widely scattered as far as the

distribution is presently known. The Moss Back and Cutler

horizons are devoid of major mineral accumulations between
the Standard-Louise ore bodies in the north and Velvet (1) in

the south (a distance of 5.5 mi). Lekas and Dahl (1956) noted
the discontinuous nature of the mineralized belt and how, where

present, it paralleled the strike of enclosing beds. They further

pointed out that mineralization on the southeastern flank of

Lisbon Valley Anticline is confined almost entirely to a strip
between the 6200- and 6700-ft contours drawn on the top of

the Cutler Formation, although mineralization is not found

continuously within this interval. Within the strip, the ore belt

rises up the dip to the southeast. Note that the new Velvet (2)

deposit appears to form an exception to the "magic interval"

rule of Lekas and Dahl. From its areal position this deposit

lies approximately between the 5700- and 5900-ft contours,

assuming it falls within the usual Moss Back or upper Cutler

stratigraphic interval.

The distribution of uranium deposits within bleached and

partly bleached Wingate outcrops is given in Figure 8-42. Except
near Expectation and Mi Vida Canyons, all of the ore bodies
lie beneath or are closely adjacent to bleached outcrops, includ-

ing deposits on the northeastern (downthrown) side of Lisbon

Valley Fault.

In the Expectation-Mi Vida Canyon interval, the strati-

graphic relations are characterized by a transition from pre-

dominantly bleached strata in the north to predominantly

unbleached strata in the south. Layered sandstones in the upper

Wingate consist of intercalated bleached and unbleached lam-
inae with the fraction of altered or bleached strata decreasing

gradually southward. Moss Back ore bodies in this interval of

the Big Indian belt are all found beneath such mixed rocks.

No sharp limits of bleaching, visible from above, appear to

exist that may be compared with the comparatively well-defined
limits of mineralization.

The three-dimensional relations between bleached rocks and

uranium deposits are illustrated in the cross section AA "' of

Plate 8-4. Bleached sandstones are unit W_. The magic interval

for uranium deposits of Lekas and Dahl (1956) is projected

onto the plane of the cross section. Mineralized intervals at

specific places noted are obtained by projection from the map
data of Figure 8-41. The elevation positions of the intervals

shown are computed from the known planar positions of ore

bodies, while approximate dips of the Moss Back strata are

deduced from the geologic mapping of Weir and IN',dson (1958a)
and Weir et al. (1961). The apparent disagreements noted result

because the actual relations were compressed into a single

cross-section line. In general, the Lekas-Dahl interval rises

and widens to the southeast, for the most part paralleling the

rise in elevation of bleached strata in the profile.

Three profiles, transverse to the cross-section line AA'", are

shown in Figure 8-43. in section BB', the position of the

bleached boundary is fixed in elevation near 6400 ft by expo-
sures of bleached sandstone in a window through the Kayenta

Formation. Both shape and position of the lower boundary are

not known. The approximatc interval of Moss Back mineral-
ization is between 6100 and 6350 ft. In section CC', the lowest

exposures of bleached upper Wingate section (unit Wt) lie at
an elevation of 6200 ft. Projection of this horizon updip indi-

cates that much of it may have been removed by erosion over
the mineralized interval beneath. The subsurface extension

downdip of unit Wl or the subjacent banded unit W5 is not
known. The mineralized Moss Back and Cutler intervals lie

between 6300 and 6800 ft. In section DD', the lowest exposures
of bleached rocks are at 6400 ft, which is the same elevation

observed for the transition between bleached and unbleached

sandstone along profile AA"' to the northwest. The mineralized
Moss Back interval (Velvet (1) deposit) is estimated to be

between 6100 and 6300 ft along the line of this section.

To summarize, the distribution of Wingate bleaching and
Moss Back and Cutler uranium mineralization has been com-

pared throughout the mineralized belt in Lisbon Anticline.

Bleached sandstones occupy topographically high outcrops near

the crest and at either end of Wingate exposures in the anticline.
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Appendix A

Relation of Scanner DN Values to Ground Reflectance

I. Basic Relations

Aircraft scanner image data are recorded on magnetic tape

as digital number (DN) values representing a radiance level

|or each spectral channel within the scanner's instantaneous
field of view (IFOV). Recorded radiance data contain contri-

butions from atmospheric scattering and attenuation in addition

to the sought-after information on bidirectional ground reflec-

tance. The DN values also incorporate instrument electronic

gain and ofl_et factors. A correction must be applied to the

image data to remove variations in brightness transverse to the

flight path. The "brightness gradient," which is the object of

this correction, originates from scattering effects in the atmo-
sphere and to some extent from the surface. The angular dis-

tribution of anomalous brightness is not reproducible using a

Raylcigh scattering atmosphere model and, thus, probably arises

from aerosol or water vapor scattering from large particles. A

glory effect is often conspicuous in aerial photographs taken

simultaneously with the scanner data. This effect consists of

a bright aureole in a direction opposite the sun, with the max-

imum intensity lying in the plane of solar incidence. It is often

possible to see concentric oscillations in brightness about the
maximum intensity that arises from Mie-type single particle

diffraction (Deirmendjian, 1969, p. 51-55; Greenler, 1980).

The image brightness gradient corrections are empirically esti-

mated by examining the variations in radiance across the flight

path, where possible, over areas of generally uniform surface

properties. The measured radiance in each band is adjusted to
a fiat lield across the image.

All of the instrumental factors and proposed corrections rep-
resent linear and nonlinear transformations on the actual surface

reflectance values. The following heuristic arguments are intended

to clarify the nature of these transformations and to provide a

basis for estimating ground reflectance properties from the image

radiance values, given a minimum of information about actual
reflectance of the terrain.

Previous methods of accounting approximately for atmo-

spheric effects from the images themselves include dark object
subtraction (Goetz et al., 1975) or a variation of this method

(Bolivar et al., 1981). The subtraction method uses deeply

shadowed or poorly reflecting portions of the scene to estimate

contributions of the atmosphere alone. Switzer et al. (1981)

have developed a method using the covariancc matrix and thc

reflectance from homogeneous areas. The alternative to such
internal estimation schemes lies in the use of standard atmo-

spheric models to provide atmospheric absorption and scatter-

ing directly. In general, information was not available on sur-

face relative humidity, air temperature, water vapor, aerosol

content, or the variation of these quantities at altitude for any

of the sites studied. Thus, applications of the standard models

are questionable, although they still have to be investigated
and compared to the results obtained by the present method,

The radiative transfer model used to secure a functional form

for the emergent radiance in terms of ground reflectance is

adapted from Slater (1980). The model is equivalent to that

describing solar radiance reflected from Earth, as measured by
a satellite. Since aircraft are in fact immersed in the atmo-

sphcre, this approximation is equivalent to neglecting the atmo-

sphere above the aircraft. Apart from alteration of various

attenuating path lengths, the approximation (1) neglects diffuse

illumination beneath the aircraft of both the atmosphere and

the Earth's surface, as provided by thc missing atmospheric

slice, and (2) neglects diffuse downward reflection ofupwelling
radiation by the missing layer. Neither of these terms is expected

to bc important at the operational altitudes used.

At the ground, the radiance passing through the atmosphere

is composcd of directly transmitted and diffusely scattered con-

tributions, represented as follows:
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E(X) = E,,(h) cos 0:exp I -'r(h) sec 0.]

f]-_ fzJ,, 0', 4' 0'+ La{R;0:, )cos0'sin dO'd+' (A-l)
)

where

E,(h) = solar spectral irradiance at
wavelength h

Lj (X; 0:, 0', (b') = downward spectral radiance from
scattered solar flux

0. = incidence angle of the sun

0'. +' = spherical polar coordinates of a scat-
tered beam

"r(M = atmospheric optical depth at
wavelength h

Radiance at the sensor neglecting multiple reflections between

the atmosphere and the ground is

1
Ls(h) = --[E(h)p(h)'r,,(h)] + L,,(R) (A-2)

T¢

where

p{a) surface bidirectional reflectance at wavelength h,

assumed here to be Lambcrtian, i.e., independent

of angle

%(X) = atmospheric attenuation between the surface and

the sensor at wavelength h

L,(h) = upward-directed diffusely scattered atmospheric
radiation

The throughput radiance arriving at the detector is

f
L i = G [ Ls(h)Ti(h) dR (A-3)

J.3, h i

where T,(R) = instrument throughput for channel i, and G is
a constant factor that depends on the optical characteristics of

the system. The radiances represented by Eq. (A-3) are con-
vetted to voltage and recorded on tape as DN values dni. This

instrument transformation for the Landsat 4 Thematic Mapper
(TM) is linear. For the NS-001 the form is not known, but

over the total range of the L, is assumed to be linear, i.e.,

gin i ,;.ro_iLi 4- _i (A-4)

In the aircraft system, the constants a_ and [3i may be deter-

mined using the standard lamp pixel values obtained as engi-

neering data. At the end of each image scan line, observations

of a standard (bright) lamp and a standard (dark) blackbody

serve to fix two points on the radiance scale of each detector.

Thus, any inherent system nonlinearity is indeterminant from

the scanner and ancillary engineering data.

Combining Eqs. (A-2, A-3, and A-4) gives

dn, = oLiG iah,E( h )p( h )%(h )Ti( h ) dR

+ aiG £xhL,,(h)Ti(h)dR + [3, (A-5)

Using the mean value theorem, the integral in the first term of

Eq. (A-5) can bc rewritten to remove p(h) from beneath the

integral sign as

dni = otiGp, f±x,E(h)'r,,(h)Ti(h) dR

47 ,rro_.iGf ±xiL,,(h )Ti( h ) dR + [3i (A-6)

where Pi represents a value within the limits of 0 < p(h) < 1

Equation (A-6) may be simplified as

dn, = otiGp, E i + ot,G_A i 4- _i (A-7)

where

E, f±xiE(R)'r,,(h)Ti(R)dh
(A-7a)

A i = "rr f±aiL,,(h)Ti(h) dR
(A-7b)

The values _hz, vary over the scene in response to changes

in ground rcflectancc and atmospheric conditions. Thus, the

quantities Pi, Ei, and Ai in Eq. (A-7) are functions of position.
l.et (&, 3k) represent the coordinates of a pixel with .','kmcasurcd

along the flight linc, and xk defining the sample within line y_..

Eq. (A-7) modilied to account for this is

dn,(&,yk) = aiGpi(xk,yk)Ei(xk,yD + _/A,(xk,3'k) + 13i (A-8)

One way to estimate atmospheric properties from the radi-
ance data. themselves, is to lind a portion of the scene where
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the Pi is constant fl)r a range of xk,y_.. Call the value of Eq.

(A-8) obtained for a specific line Yo and all xk within the line
the reference function. Thus,

dni(x_.,yo) = ai[Gpi(y,,)Ei(xk,yo) + Ai(xk,yo)] + [3i (A-9)

in which the variations in dn_ are due to instrumental and

angular atmospheric effects alone.

Two empirical methods are available to remove the angular-

dependent atmospheric (and surface) contributions. These are

called the additive and the multiplicative procedures because

position-dependent empirical functions are either added to or

multiplied into the position-dependent image radiance function
to effect the desired corrcctions. Examples of each process are

given below, but only the multipticative procedure will be

described in detail because this procedure has been used in

practice.

To remove the atmospheric effects by the multiplicative pro-

cedure, define the function dni(xk,yo) in terms of the reference
function as

d-iii(x_.,yo) "dni(xk,y:,)-- i = ki i (A-10)

w here k, is an arbitrary constant. Then multiplying Eq. (A-9)
by dfi_ gives

DNi = dni(xk,y,,) "dni(xk.y,,)

= _. aiG-Oi(xk,yk)Ei(x_,Yk) + e_4i(xk,Yk) + [_i
o_iGgi(y,,)Ei(xk.y,,) + ¢xiAi(xk,yo) + [3i

+ constant (A- 11_

where the constant is added and k_ is adjusted to _:_to rescalc

the DNi to fill the available dynamic range (0 _< DN, _ 255).

Equation (A-I 1) is in general a nonlinear translormation, but

a posteriori can be verified by inspection that it, in fact, pro-

duces highly linear results. Let

Xi = aiGpi(xk, y,OEi(-'ck,yk)

Xi,, = aiGpi(y,,)Ei(xl,.,yo)

Ei -- otiAi(Xk,yk) + [_i

e, = c_iAi(xk,y,,) + f3i

Then Eq. (A-11 ) becomes

_. Xi + eiDNi = _-- + constant (A-12)
Xio + Eio

To simplify this fraction, atmospheric effects are assumed to

be small relative to the principal terms, i.e., e_ << X_, % <<

Xio. Thus,

-- + R + constant
xi,, x,,, \xL

ETo
+ R .-73- + constant

XT,,/
(A-13a)

where R(.) reprcsents quantities of second and higher order.

Thc various terms in Eq. (A-13a) are

X,__-_ aiGff,(x_.yk)Ei(xk,yk) _ F,(x_,y_) Ei(x_ y_)

Xi,, otiGpi(yo)Ei(xk, y,,) PI(Y,,) Ei(xk,Y,,)
(A- 13b)

If the atmospheric term E, remains stationary at xk for all Yk,

then E_(xk,yk) _ Ei(xk,yo), as indicated by the uniformity of
thc gradient-correctcd images along the flight line, discussed
below. Thus,

Xi _ Fi(xk,YO

Xi(, Pi(yo)

(A-14a)

The additional factors in Eq. (A-13) have

_i,, aiAi(xk,y,,) + [3i

Xio otiGfii(y,,)Ei(x_,yo)

and (A-14b)

e, e_,Ai(xk,y,) + [3_

X ,, aiG_i( y,,)Ei(xt, y,)

These terms contain any remaining dependence upon x_ (i.e.,

angular dcpcndcncc) prcsent in the gradient-corrected images.

An exact functional form for the angular part cannot bc spec-
ified unless a specific atmospheric model is assumed. Instead,

the results of applying such corrections to images were inspected.

The transformed images were seen to be free of gradient-related

atmospheric effects in x_ everywhere, i.e., for all y_. This

implies that the quantities on the left-hand sides of Eqs. (A-

14a) and (A- 14b) arc constants in x_ and yx. A similar argument
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applies to the Yk dependences of Ai in Eq. (A-14b) and for the

statement Ai(xk, yk) "_ Ai(xo, yo).

Figure A-l(a) is a three-color composite image of Bendix
24-channel scanner data for Lisbon Valley, Utah, depicting

the transversc brightness gradient effect typically encountered
in the aircraft scanner data of this and other areas. The aircraft

and solar position parameters for the flight are given in
Table 8-6.

Figure A-l(b) represents the results of applying an additive

gradient removal transformation to these image data. The (lin-

ear) empirical transformation function was obtained by aver-

aging data collected over uniform sage and grass-covered allu-

vial slopes comprising the northern-most part of the image.
The transformation of the standard area is uniform in bright-

ness, and the remaining area of the image is largely gradient-
free also.

Figure A-l(c) represents the result of a multiplicative gra-
dient removal transformation applied to this image. The result

is similar to that shown in Figure A-l(b) (blue and red have
been switched in this case).

The terms in Eq. (A-13a) containing R are of order
"_ 2_?o/Xio or higher. These terms are small but not necessarily

negligible, and arc probably of greater importance at shorter
wavelengths where Rayleigh atmospheric scattering is impor-

tant. They too are independent of Xk since they are a function

of ei,,.

Eq. (A-13) resolves itself ultimately into the linear form

DN, = k',pi(xk,yk) + k'_ (A-15)

where the kl and k'_ are constants, containing all the instru-

mental atmospheric and computer scaling parameters present
in the model.

The determination of k_ and ki' is in principle made by a

two-point calibration using known values of ground reflectance

pi(xl,yl), 9i(x>y2) corresponding to DN values DNi(xl,yl),
DN_(x2,Y2). Estimates of the _, can be obtained from field
reflectancc (PFRS) data over sites that are spatially uniform at

the multiple pixel level. In practice, better determinations of
the constants can be made by least square fits to data points

from multiple sites representing a range of Pi as a function of
h, thus more accurately assessing the subpixel size variability

in Pi and grossly accounting for nonlinearities in the lumped

instrument/atmospheric response.

II. Effects of the Constants k; and k'; on
Ratio, Principle Component, and
Canonical Transformation Image Data

A. Ratio Data

If accurate estimates of the constants kl and k'_are not obtain-
able from field and scanner observations, then these constants

carry over into the image data as "distortions" of the chosen

representation of reflectance information.

If the inaage data arc to be presented as ratios, the resulting

DN values before application of any stretching functions are

of the form

DNi +Ki ki_i(xk.yD + k_ + Ki

DNj + K; k;g(._,yO + k';+ K,

= +-- I --- + • • • (A-16)

where the K_ are additional scaling constants entered for com-

puter processing of the ratio data to ensure that the ratio is not
closc to zero.

The only case where it is easily possible to get an idea of
how this nonlinear transformation affects the display of such

ratio quantities is to suppose that

and

_ik', k'( + K,

_kj kT_j

(k'_ + Ki) << k_j

which leads to a linear form in the ratio of reflectances

DNi k'i[5' (A-17)
RiJ-DN i k;_i

Here R_j signifies the ratio of the ith to the jth band. Thus, in

this circumstance the ratio quantities R 0 are proportional to the
ratio of reflectances through the ratio of quantities kl/k_. The

application of a new (say linear) scaling or stretching function

to Eq. (A-17) determines the tinal quantity representative of
the ratio as

-Ro = A,,,Ro + Bm (m = 1,2,3) (A-I8)

In this approximation, the ratio image data are proportional,
but not equal, to the ratio of reflectance value. Thus, the rep-

resentation of perfectly calibrated reflectance values as ratios,
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(a) BEFORE GRADREM (b) ADDITIVE GRADREM (c) MULTIPLICATIVE

CORRECTION GRAOREM CORRECTION

(0, 0) (0, 01 (0, 0)

APPROXIMATE
SOLAR
AZIMUTH

Figure A-1. Bendix 24-channel color composite images: (a) uncorrected for atmospheric/surface effects; (b) additive gradient

correction; (c) multiplicative gradient correction. Noise-free bands were 1 (0.34-0.40 #m), blue; 13 (2.10-2.36 #m), green;

14 (3.54-4.00 tLm), red. Blue and red bands were switched in images (b) and (c).
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if rescaled according to Eq. (A-18), does not represent true
ratios of reflectance.

The approximations represented by Eq. (A-18) are atypical

and probably extreme. Combinations of scaling and stretching
transformations in the general case represented by Eq. (A-16)

actually serve to distort in a nonlinear way any direct repre-
sentation of reflectance ratios even for perfectly calibrated radi-

ance measures. These transformations are required for pictorial

(image) representation of the reflectance ratios so that numer-

ically 0 < R0 < 255. Although the outcome would be hard to

predict, transformations such as Eq. (A-18) almost always pro-
vide significant advantages in separation of lithologic, vege-

tation, or soil units over arbitrarily scaled representations of
the same data. The transformations are not, however, simple

direct representations of the band ratios.

B. Principal Component and
Canonical Transformations

The principal component (PC) transformation begins with a

calculation of the elements uo of the scatter or the (covariance)

matrix for the images in the form

N

uii = _', (DNi_ - DNi) (DNj_ - DNj) (A-19)

where the i and j refer to spectral channels and the summation

runs over N pixels _. The quantity DN, represents average DN
value in band i

1 N

DNi = AI_-_ DNit (A-20)

Using Eq. (A-15),

N

,,o = aik5Y, (p,e - _,)(PJ_ - g) = <k),'i, (A-21)

The problem is how to impart physical meaning to the eigen-

values and eigenvectors of matrices I[u0]] and [[u_j[] (related by

Eq. A-21), which represent, respectively, the scatter matrix
based on the unadjusted scanner radiance data alone, and the

scatter matrix based on reflectance numbers alone. A simple

representation of these differences for the general case does

not seem possible; however, since the characteristics of the
distribution change, the principal axes will be different in ori-

entation and the principal values will be different in magnitude
for each.

The only simple case assigns equal values ko to all of the
gain factors k'. The secular equation for [[u,jH determining the

eigenvalues h,,} is

[u0 - h(,,}8,j[ 0 (n = 1,2 ..... L) (A-22)

where g0 is the Kronecker delta. L represents the number of
channels in the analysis. If, for example, L = 2, then

2 ! __ _ L2 II_
Koll I I g'o tl 12

2 _ 2
k,,t+t2 k,,t+22 -- h

= 0 (A-23)

Expanding leads to

h(,,} = k2h(,,_ (n = 1,2) (A-24)

where the hi,,} 'arc characteristic values for the covariance matrix

of reflectances. The components _"} of the eigenvcctors are

given by

2

u0X} ''= h,,,_(l"' (n = 1,2) (A-25)
j--I

Using Eqs. (A-24) and (A-21)

2

E *2 , _z{n} b2"X, y(n)K+,u_] = ,,,,,,(,,,..i (A-26)
/-- 1

and these components remain unchanged; that is, the principal
axes of scatter for the observation in space remain the same.

The scatter ellipsoid is changed in scale by the factor k,2,. The

values of DNi given by Eq. (A-15) are

2

DN*"> = _ DN -_/')
.r \1

j_l

(A-27)

so the PCs for an image transformed according to eigenvcctors

given by Eq. (A-21) are unaffected by this change in scale.

If the gain factors are changed by small quantities k,,et and
koe2, then the secular Eq. (A-27) using Eq. (A-21) becomes

k_(1 + el)el + ¢--2)u[2

k_(l + {+)2u;2_ _ X

=0

(A-28)

Multiplying this out and collecting terms, the equatmn for h
is

-- ko(O + O')h + k,,O 2 = 0 (A-29)
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where

0 = ult + u_2

2 t
0' = (2el + _-I)Ull -1'- (2f-2 + E22)U"52

O_ = f(E)02

02 = u',_uZ - u',2

f(E) = (2% + _l2) + (2_2 + _2)

+ (2,E, + e2)(2_2 + _2)

(A-30)

Changes in the eigenvectors hi,, ) arising from the addition

factors 0' and 0_ may be investigated relatively easily if these

quantities are small. Thus, from Eq. (A-29) with the unim-

portant constant ko set equal to one,

dry,,)- h_'nO' - O_ (A-31)
2X_,,I- 0

which is the total differential of Eq. (A-29) with 0' and 0; as

the differential quantities dO -= 0' and dO2 =- 0_. (That is,

dh = (3h/aO)dO + (Oh/OO2)dO>) The new eigenvalues are

h_,,i = h_,,) + dh_,,_ (A-32)

For computational purposes Eh_k> - (hi - h2)20'(2hth2) 1

The new eigenvectors are

_2 _ ,...(n) x , V(nl
(1 + E I) ZtellAI + {l + EI)(I + E2*itI2_2 = h<,,_X]"_ (A-33)

, , ,Jo,, ,2 , ,,f,,_ h_,,_X¢4') (A-34)(1 + EI)(I + E2/UI2Ai + (l + E 2 } U22A2 =

To illustrate the effects produced by departure of the gain

increments e_ from zero, it is useful to deal with a numerical

example. Again. two dimensions and small quantities are used,
first taking_l - 0. l, e2 = 0andko = I. Takcthcmatrix

760.35 803.38
803.38 884.561

(A-35)

which is a submatrix consisting of the first two rows and first
two columns of the 7 x 7 covariance matrix derived from the

uncalibrated NS-O01 data of line 6, Lisbon Valley (Table

C-1t. The principal values of Eq. (A-35) are

1628.23 0

0 16.68
(A-36)

With the gain increments chosen above, Eq. (A-35) becomes

U' = 628.39 730.34-- (A-37)

1730.34 884.56i

The principal values of Eq. (A-37) are

114  .9 011_' = (A-38)
0 14.99

The eigenvectors for Eq. (A-36) obtained by solving Eq.

(A-33) or (A-34) arc

_ x_ '' x_2'

- X9 }
X _ =

v(2) ]
_2

= 0.6794
10.7339

(A-39)

For Eq. (A-37),

= 0.6432
X'= 10.7657

0.7657
0.64321

(A-40)

The principal axes of the scatter ellipsoid representing reflec-

tances (calibrated for gain factors) and radiance (not calibrated

for gain factors) are obtained from Eqs. (A-37) and (A-40),
and from (A-36) and (A-39), respectively. Some examples are

plotted in Figure A-2. These ellipsoids differ in size and ori-
entation. The differences reflect a {linear calibration) trans|_r-

marion connecting the two. A gain factor applied to the lirst
radiance value (el> 0, % = 0) rotates the first principal axis

of the scatter ellipsoid toward the first original axis and expands
the scatter distribution from that obtained for rcflectances alone.

A similar rotation toward the second principal axis would arise

with application of the second gain factor (% > 0, El -- 01.

If both eL and e, differ from zero, the scatter ellipsoid changes

in shape and orientation accordingly. The case lbr _t = e: -

0.1 is plotted in Figure A-2. For equal gain factors, the prin-

cipal axes remain unchanged from those for the reflectance

scatter matrix, tt_i; on the other hand, the eigenvalues and

consequently the scatter ellipsoid expand by the factors {1 -_
el) 2,(1 + e2)2,or(l + el)(l + e2),which for this case are

all equal to 1.21. The scatter matrix has the eigenvalucs given

by Eq. (A-36), and the corresponding ellipsoid is the same as

that derived for the radiances in Eq. (A-35).
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Figure A-2. Various transformations of the scatter ellipsoid resulting from application of gain factors _1 and _2 to radiance variables.
Reflectance ellipsoid corresponds to scatter computed from the calibrated covariance matrix from the reflectances. Radiance ellipsoid
corresponds to scatter computed from the uncalibrated covariance matrix from the radiances. The scale of the second variable axis is 10

times greater than the scale of the first variable.

Judgments on the quality of image products resulting from

one translbrmation method or another are almost totally sub-

jective because quantitative mathematical statements capable

of providing an assessment of superior or inferior discrimin-

ability based on the images themselves do not exist. Thus, any

preference tbr "calibrated" versus "uncalibrated" image data

must be based on a criterion that selects between two descrip-

tions of the same statistical data that differ only by a linear

transformation. The PCs themselves may undergo an additional

stretching transformation of the type in Eq. (A-18), thus further

modifying any sought-after representation as raw reflectance

values. In view of these alterations, which are often introduced

as visual enhancements, the expected virtues of the calibrated

data are probably nonexistent.

The canonical transform (Wilks, 1962, p. 574) is anothcr

linear transformation that seeks directions (lines) in sample

space along which orthogonal projections of sample clusters

provide the largest possible variation between these samples

relative to the variation within the projected samples. For two

samples from a k-dimensional distribution, the vector com-

ponents Ck specifying this direction arc given by

k

Z (u_, 171u_i/)C j : 0 (i : 1,2 ..... k) (A-41)
/== I

Where _'_ is the largest nonzero root of the characteristic equation

lu_i- i'uU,'j i : 0 (A-42)

The ut_j and ul[j are components of the between-sample and

within-sample scatter matrices given by
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2

n'i- = •

and

(i,j = 1,2 ..... k)

(A-43a)

2 n3,

w= E E )uij [.i_ v .'i J I-U__v - _} v)

"-,/= I f+_ = I

(A-43b)

In Eq. (A-43),

2

-_i = 2..,,= 1 -ri
(A-44)

is the mean of the grand sample of ,52n., and

l ny

-_'i : _ -"i{_5,

ny _..,= 1

(A-45)

is the mean value of group 3'-

Applying Eq. (A-15) to Eqs. (A-43) through (A-45) leads

to results for the matrix elements un,i and u_'j like in Eq.

(A-21 ). Thus, lbr example,

2

_=1

and

u; j (A-46)

2 n-y

= 1 _'v = 1 "v [t°if; v .i%

= KiKjui j (A-47)

Calculating changes in the eigenvalues _ from Eq. (A-42)

due to the gain factor k_ and due to change in the eigenvectors

Ci from Eq. (A-41) may be approached in a fashion similar to
that used to derive Eqs. (A-31) and (A-33). These results are

complicated algebraically and provide little additional insight.

in general, as before, the magnitude of the generalized eigen-
vector _ will change, and its orientation (C_,C2) defining the

line along which the variation is greatest will also change in

space with changes in the k',. These, in turn, alter the "ca-

nonical" variables DN}_'_, which are linearly related to the orig-

inal DN values through

2

DN_,5)= _ DN,.Cj"
j=l

(A-48)

The canonical variates may also be rescaled by Eq. (A-18) to

fill the available dynamic range. Any advantage gained by

calibration of the raw image data, i.e., by determination of the

k;, may in principle be duplicated by appropriate assignment

of the constants A,,, and B,,, in Eq. (A-18).

C. Use of Correlation Versus

Convariance Matrix for Computation
of PCs and Canonical Variates

To this point, only the covariance matrix and the relationship
between such matrices calculated for calibrated and uncali-

brated radiance data have been discussed. This emphasis results

from the fact that routine processing of image data in terms of
either PCs or canonical variables uses the covariance matrices

for determining the required eigenvalues and eigcnvectors. The

PCs and canonical variables could equally well be calculated
from the corresponding correlation matrices, although the

cigenvalues and eigenvectors obtained would be different. The

question of which transformation is better reduces to which

can be considered a more reliable measure of equal differences,

equal changes in the DN, or standard deviations. From a numer-

ical standpoint, and as a rule of thumb, if the primary source
of error (or noise) is additive, the covariance transformation

is preferred. If the major source is multiplicative, the corre-

lation translbrmation is preferred.

The correlation matrix possesses another distinct advantage,

however, because it is independent of instrument and atmo-

spheric factors. To see this, recall from Eq. (A-21) that the ele-

ments of u,v the scatter (covariance) matrix based on the un-
calibrated radiances, are related to elements u'+jof the corre-

sponding scatter (covariance) matrix based on the reflectances

by

u0 = k_klu_9 (A-49)

where the k_ are gain factors that combine together atmo-

spheric, instrumental, and other scaling transformations. Ele-

ments of the correlation matrix c,j are calculated from the usual
formula

Using Eq. (A-49), the c+j are also given by

p

_ ui)

Cij -- /7,
X. UiilAjj

Thus, the correlations in the linear reflectance model are func-

tions solely of the surface reflectances. This important result
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shows that PC (or canonical) transfl3rmations computed on the

basis of the correlation matrix represent reflectance values directly

and are independent of the need for calibration apart from the

usual correction of the scanner data. The result is based on the

derived linear nature of the relationship between DN and reflec-

tance given by Eq. (A-15). Equation (A-15) is verified in prac-

tice by matching the image-derived re!tectance curves with

ground-measured reflectance data. Based on field results, the

equation is valid lk_r analysis of image data in the manner

described.

Note that if the distribution of DN values is normalized to

zero mean and unit variance, the covariance of the normalized

variables is equal to the correlation of the original DN distri-

bution. The process of gradient removal entails a rescaling

designed to saturate a specific fraction of the data. If the original

distribution of DN values is Gaussian (which for large samples

is almost always true) this rescaling would have the effect of

normalizing the data.

To demonstrate this effect, PC images were generated for

line 5 at Lisbon Valley (NS-001 data), first using covariance

statistics, then using correlation statistics. Images generated in

these two ways would be expected to be very similar. Table

A-I, which displays the correlation among the images gener-

ated, indicates that the two sets of images are quite similar, as

predicted. All diagonal terms are nearly unity (in absolute

value), indicating a very high correlation of each component

generated by correlation statistics to its corresponding com-

ponent generated from covariance statistics.

Table A-1. Correlation matrix between two sets of PC images,
NS-001 data, line 5, Lisbon Valley

PCs Using PCs Using Covariance Statistics
Correlation

Statistics Vl V2 V3 V4

C I 0.992 - 0.094 - 0.177 0.034

C2 -0.310 0.955 0.105 0.3[0

C3 0.304 0.165 - 0.935 - 0.005

C4 - 0.069 0.402 0.006 0.992
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Appendix B

Calibration of the Scanner Data for Ground Reflectance

and Estimation of Data Noise Level

I. Calibration

The aircraft scanners used record multispectral radiance from

individual surface elements constituting the instantaneous fields
of view (IFOVs) throughout the flight path. The radiance

recorded is solar energy that was (I) attenuated once by the

total atmospheric column, (2) reflected by the surface, (3)

attenuated by the atmospheric column between surface and

scanner, and (4) encoded by the scanner system. An approx-

imate analysis of this problem was presented in Appendix A.

It was shown a posteriori by examination of the corrected

image data that empirical removal of the atmospheric and
instrumental effccts leads to a linear relation between scanner

radiance and surface reflectance

DNi = k_-pi + k'[ (i = 1,2 ..... L) (B-l)

In Eq. (B-I), the DN, are the encoded radiance values in L

channels, and the kl and k'[ are empirical gain and oft_et param-

eters containing the model description of atmospheric and
instrumental effects and reference area rcflectances. The _ are

assumed Lamberlian reflectance measures that specilically ignore

possible angular dependences in these quantities. Note that the

reflectance here acts as a proportionality constant between the

magnitudc of the incident energy (embodied in kl and k'[) and

voltage tencoded as a digital number, DN). Determination of

the constants k_ and k'; provides an interpretation of scanner
DN values in terms of average spectral reflcctance within the

spectral interval of each channel and over each pixel. These

measures are largely independent of the atmosphere for pur-

poses of comparison with field data obtained with the Portable

Field Reflectance Spectrometer (PFRS).

Calibration of image data is achieved by determining the

disposable constants in Eq. (B-l). In practice, a method was
used in which scanner radiance measurements were related to

ground reflectance measurements for the same areas and over

a range of surface brightness values. This method was proposed
by Abrams (Conel et al., 1978). Ground measurements were

obtained using the PFRS. The lield spectral reflectance curves

were averaged over the spectral interval of each scanner chan-

nel. Computer printouts of the DN values of the gradient-
corrected scanner data were obtained for areas of interest, and

mean values and standard deviations for each channel were

computed from these data. The histogram showing distribution

of DN values was also provided.

Figure B-1 shows three-point calibration curves for NS-O01

data from Lisbon Valley and illustrates the generally linear
nature of the relations obtained between instrumental DN and

surface retlectance. The "uncertainty" bars on data points refer

to _+1 _r limits in the scatter. Scatter physically is due to

variability in cover types over the (supposed homogeneous)
chosen calibration areas and does not arise from instrumental

or atmospheric sources. Values obtained for the calibration

constants are given in 'Fable B-l,

From analysis of the scatter, the calibration curves of Figure

B-1 also provide an estimate of the uncertainty in determination
of surface reflectance using raw scanner data. Thus, if the

standard deviation of the scanner values is o-, the uncertainty
in reflectance AR, is ± k_r. In addition to this source of uncer-

tainty in AR,, which arises strictly from scene variation mea-

sured by _r. there is the standard error in determination of the

regression coefficients/,i and k_'. The standard error for k} is
5;'given as, _, in Table B-I. A 100 (I . (_) percent confidcnce

interval for the true slope/,_ is given by

S Ik_ ±t,_¢.,, 2 t i

where t = k,'/S£,. For example, 95 percent contidence interval

on kl is to.o25.j × S'_, which is equal to 12.7 ,S"a,. The determi-
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M = Moss Back Member, Chinle Formation, average of 30 pixels, 3 field spectra; P = pavement, average of 24 pixels, 4 field spectra.

8-116



Table B-1. Value for the constants k_and k;' In the calibration equa-

tion DN/= k_pj+ k;' obtained from three-point least square fits

I 9.84 7.96 0.973 17.75 35.2 2.35

2 9.93 29.45 0.991 9.40 23.98 1.33

3 6.83 -2.02 0.961 21.3 45.1 1.97

4 3.97 30.46 0.997 4.52 8.23 0.30

5 3.96 [8. I 0.994 8.57 14.06 0.456

6 4.69 13.47 0.999 0.062 0.113 0.003

7 4.08 28.93 0.955 26.4 42.8 1.27

Q)Sample correlation coefficient.

Q)Scaner in DN direction of the observed points about the regression
line.

Q)Standard error of the intercept.

Q)Standard error of the regression coefficient.

nation of absolute instead of differential rellectance from scan-

her data depends on the coefficient k'_. The standard enor m

determination of k,' is given by &_. A 100 (I - c0 percent con-

[idence interval for k'_ is

k'; +_t._._.,, _S'_

and the 95 percent confidence interval on k',! is 12.7 S;r

The statistical sources of error entering determination of

retlectance from scanner DN value can obviously be controlled

by carefully constructing calibration curves. The production of

an accurate calibration curve by thatching ground and scanner

reflectance values benefits from acquisition of data points over

a wide range of ground rellectance values in each spectral

channel.

A simple procedure may be used to guide the detailed selec-

tion of sample sites. For each channel over the scene, a density

slice is made of the scanner radiance values: the distribution

is color coded and displayed as an image. As an example,

Figure B-2 shows an image of channel 2 (0.52-0.60 la,m) of

line 5 of the NS-O01 for l,isbon Valley, where the histogram

of DN values (Figure B-3) has been divided into six parts

bounded by ±2o" and +1 _r about the mean value of the

distribution. A calibration scale may be assigned to the DN

distribution based on measurement of surface reflectance in

areas corresponding to various portions of the range.

II. Estimate of Noise Levels
in Scanner Data

Surface targets of high photometric unifl)rmity can be used

to estimate total system plus atmospheric noise levels by direct

examination of scatter in radiance values over the sampled

areas. Large natural targets with high unifl_rmity are rare, but

rough lirnits can be assigned to noise levels by measuring tields

with good visual uniformity. For Lisbon Valley, highly veg-

etated sites provided the most unifl)rm areas. Three examples

are presented in Table B-2. From such data, the atmospheric

and system noise contributions constitute, at the greatest, less

than 10 percent of the total area observed. These are worst-

case tigures since the data still contain an unknown and inde-

terminate variability arising from natural variations in the sur-

face cover itself.

Table B-2. NS-001 raw DN responses with standard deviations at vegetated sites, Lisbon Valley

Channel
Alluvial Flat _

Sage and Pifion Juniper
on Dakota Sandstone b

Grass on

Navajo Sandstone _

Mean + 1 o % of Mean Mean * 1o % of Mean Mean _+1o
- in I o in 1 o

% of Mean

inlo

I 96 ± 4 4.17 69 +_ 2 2,90 95 + 3

2 103 + 4 3.88 72 ± 2 2.78 107 ± 3

3 120 +_6 5.00 90 + 4 4.44 130 _+4

4 140 ± 5 3.57 107 + 3 2,80 141 + 4

5 149 + 5 3.36 125 + 3 2.40 150 + 3

6 136 ± 5 3.68 119 ± 4 3.36 146 + 3

7 152 + 8 5.26 120 + 6 5.00 161 _ 5

3.16

2.80

3.08

2.84

2.00

2.05

3.11

"462 elements.
b80 elements.

_45 elements.
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Appendix C

Principal Components for Lisbon Valley Images

I. General

Some of the NS-001 image data for Lisbon Valley are pre-

sented as principal component (PC) composites. Covariance
matrices, eigenvalues and eigenvectors, correlation matrices,

and histograms describing loadings of the eigenvectors for the

PC representation of image data studied are discussed below.

The PCs for NS-001 data describe the geometry of the scatter

swarm in seven-dimensional space with oahogonal axes arranged

along the direction of decreasing scatter in the swarm. These

directions may or may not be highly correlated with the original
variables. Where the correlations are high, they may then pos-

sess a "physical" interpretation.

The first PC has a straightforward interpretation and repre-

sents an average of the radiances. This results from the fact

that all of the variables used to produce the covariance matrix

tend to be equicorrelated, in which case the first PC tends to

be proportional to the mean of the original responses (Morrison,

1976, p. 289). The mean value is usually interpreted as albedo,
although strictly speaking this term applies to an average value
of the reflectance, not of the radiances.

For all applications described here, the principal axes arc
derived from analysis of the covariance matrix. The correlation

matrix may be used as well, but the cigenvalues and eigen-
vectors obtained and their statistical distribution will be dif-

ferent. The advantages in use of the correlation matrix are

described in Appendix D. Primarily, the correlation matrix is

independent of linear scaling transforms and, thus, the derived

PCs are representative of surface reflectance directly. The [irst
PC of the correlation matrix should thus directly represent

surface albedo or average reflectance.

The possible interpretative advantages of the correlation ver-

sus the covariance procedure were not realized until late in the

study. Consequently, the covariance results have been used for
most PC usages presented in the test case reports. An example

comparing covariance and correlation images is presented in
the Copper Mountain, Wyoming, Uranium Test Site Report,

Section 9, where the results obtained from the two procedures

are essentially the same.

II. PCs From Line 6 and From
Subareas of Lines 5, 6, and 7

PCs have been generated from the NS-001 scanner image
data by sampling several different areas within the Lisbon

Valley test site. Areas of different sizes were sampled to inves-

tigate the possibility of increasing the apparent separation in

display of geologic units. The mathematical basis of this sep-

aration is discussed in Appendix E. The covariance and cor-

relation matrices and properties of the transformation are briefly
discussed below for three such areal samplings. In addition,

the effects of calibrating the scanner data (reducing the co-
variance matrix to a matrix based on reflectance) are also

presented.

A. Transform I Based on Line 6 Data

The covariance matrix for transform I was prepared by sam-

piing the 2.376,150 pixels, over seven channels (0.45-

2.35 _m), comprising the total area of line 6 of the August

28, 1979 N S-001 llight. Formulas lk)r computing the covariancc

elements arc given in Appendix A. The area of line 6 is depicted

in Figure C-l, and its geographic location is shown in Figure
8-2. PCs derived from sampling the total area were used to

translk_rm the image data in lines 5 and 7, and the data lbr

these three lines were stretched individually to provide closely

similar color renditions. The resulting mosaic, shown in Figure

8-21, clearly depicts the distribution of bleached and unblcachcd

Wingatc Sandstone, which was a major objective of the image

analyses in this area.
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(a) (b)

• k

(c)

Figure C-1. Subareas of Lisbon Valley sampled to form PC transform I1: (a) NS-001 line 5, 15 percent of total area; (b) NS-001 line 6,

19 percent; (c) NS-001 line 7, 9 percent. The average subarea is approximately 15 percent of the total area sampled. Vertices of polygons

are marked by image coordinates, and the origin of the coordinates is in the upper left-hand corner of each image.
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The covariance matrix of this sample population is given in
Table C- 1(a), and the corresponding correlation matrix in Table

C-l(b). Elements c o of the correlation matrix are derived from

elements u,j of the covariance matrix by the formula

-- [--

_"u_ujj

For analyscs of the correlation matrix, it is impractical to depict

the great diversity of spectral types represented in the scanner

data, but some essential properties of the correlations may be
understood by considering pure end members such as rocks

and vegetation. Table C-l(b) discloses that elements c_4, c_5,

c24, c25, c_7, c47, and c57 are relatively small. Figure C-2

implies that these correlations represent places dominated by

chlorophyll and Fe _3 (cl_, ¢'1,_, ¢'24, ¢'25 ) or H20 (('4V, C57)

absorptions when compared to a portion of the spectrum (0.7-

1.3 gin) not populated by saturated bands. Effects introduced

in the correlation matrix by spectral contributions from green

vegetation alone can be estimated by comparison with a result

for the Lost River, West Virginia, test site, which is 94 percent

tree covered (Section 12). The correlation matrices are appro-

priate for this comparison because they are independent of site-

specific atmospheric and instrumental factors. The Lost River
site is mainly deciduous forest, with minor coniferous contri-

butions, whereas the Lisbon Valley site is mixed grass, shrubs,

and pifion-juniper. (This comparison is, of course, approxi-

mate and should be made quantitatively on the basis of rep-

resentative vegetation and rock samples from the same site.

The disturbed, mixed, and highly variable vegetation cover at

l,isbon Valley makes adequate sampling a difficult job. The

present strategy was chosen to provide qualitative guidance for

interpretation of these matrices.)

Effects of vegetation-free distribution can be estimated from

the Silver Bell, Arizona, site where the Sonoran Desert com-

munity provides a vegetation cover of approximately 10 percent
(Section 4).

Correlation matrices for data from the Lost River and Silver

Bell sites are given in Tables C-2 and C-3, which reveal the

variations introduced by the vegetative component. In Table
C-4, the correlation matrix for the Lisbon Valley line 6 data

discloses a strong influence of vegetation cover at that site.

The results of PC analysis can be appraised by plotting the

vector quantities Wi versus wavelength. These quantities are
related to the column eigenvectors by

Wj -- ,,/,X,uj

where hi is the jth eigenvalue and us is the jth eigenvector

(Maxwell, 1977). Thus, the magnitude of each Wj is equal to

the corresponding value of the latent root, since the quantity

uj • Ui is normalized to unity.

The resulting eigenvector correlation diagrams may be viewed

as a graphical representation of the first four successive basis

functions in a finite, i.e., seven-term orthogona[ expansion (the

Table C-1. Covariance Iluqli and correlation ilc0! i matrices from
NS-001 data, line 6, Lisbon Valley a

(a) Covariance matrix

760.35

803.38 884,56

849.42 953.47 1183.22

535,35 646.25 784.17 833.84

603.60 731,01 922.55 888,59

810,93 929.94 1181.17 822.97

775.94 881.96 1139.62 718.91

1035.33

1044.24 1328.16

719.61 1241.27 1277.23

(b) Correlation matrix

1.000 0.980 0,896 0.672 0.680 0.807

1.000 0.932 0.753 0.764 0.858

1.000 0.790 0.834 0.942

1.000 0.956 0,782

1.000 0.891

1.000

;q'ransformation based on sampling of complete area.

0.787

0.830

0.927

0.697

0.798

0.953

1.0(_)

Table C-2. Correlation matrix for the 7-band NS-001 data from

Lost River, West Virginia, September 1979

1.000 0.97 0.90 0.55 053 0.75 0.75

1.00 0.94 0.64 0.63 0.84 0.82

1.00 0.60 0.60 0.86 0.87

1.00 0.98 0.83 0.68

1.00 0.87 0.69

l.O0 0.87

1.00

Table C-3. Correlation matrix for the 7-band NS-001 data Irom

Silver Bell, Arizona, October 1978

0,973 0.956 0.839 (I.853 0.845 0.854

1.000 0.983 0.904 0.883 0.868 0.870

1.000 0.900 0.927 0.916 0.910

1.000 0.890 0.842 0.815

1.000 0.973 0.927

1.0t30 0.952

1.000

1.000
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Figure C-2. Spectral reflectance of sandstone and juniper (Juniperus osteosperma) with important absorption bands due to Fe _ 3,

chlorophyll, AI-O-H, and water

Karhunen-Loeve expansion) of the average scanner spectrum

represented by the covariance matrix. (Refer to Wiersma and

Landgrebe, 1980, for a discussion of this expansion based on

the covariancc matrix,) These empirical basis functions often

have a polynomial-like appearance with respect to wavelength.

Figure C-3 includes the first four eigenvectors scaled to Wi

for transform l and the reflectance spectra for pigmented Win-

gate Sandstone and juniper (Juniperus osteosperma), repre-

senting end-member spectral classes. "these plots illustrate the

general difficulty of assigning clear physical significance to the

PC (compare Lost River data, Figure C-4, to Silver Bell data,
Figure C-5). A comparison between the Lisbon Valley and

Lost River data shows the heavy influence of vegetation on the
first three PCs for transform I of Lisbon Valley. ]'he fourth

PC compares favorably with the fourth PC of the Silver Bell

transform, except for the disagreement at band 3 and a differ-

ence in sign.

Table C-4. Transform I: Eigenvalues and eigenvectors from NS-001 data, line 6, Lisbon Valley, total area

Eigenvcctor

Fhmd Eigenvaluc !; ........
I 2 3 4

t 6352.3 87. I 0.307 0.348 0.422 0,31 I

2 505.9 0.9 -0.406 0.297 0.186 (I.582

3 326.7 4.5 (I.469 0.438 0.010 0.340

4 57.3 0.8 0 191 0. I 17 0.462 0.377

5 42.8 0.6 0,219 0.168 0.730 0. [34

6 10.4 0. I 0647 (/.741 0.016 0.148

7 7.3 0. l 0.138 0.090 0.202 0.517

"Pcrccil! variance explained by successive P('s.

5 6 7

0.368 0.445 0.421

0,576 0.001 -0.2[)6

0.012 0.382 0,572

0,288 0,604 0,383

0.066 0.259 0.549

0.071 0.076 0.002

0,664 [),468 0.067
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Figure C-3. First four PCs for transform I of NS-O01 data, line 6, Lisbon Valley_ Utah; principal values and directions from covariance
matrix: (a) .,/k_ul; (b) \."k2u2; (c) \"k3u3; (d) v"X4u4
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Figure C-4. First four PCs for NS-O01 data from Lost_ River, West_ Virginia; principa/values and directions from covariance matrix:
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B. Transform II Based on Averages of

Subareas for Lines 5, 6, and 7

The covariance matrix for transform II was prepared by

sampling pixels over seven channels (0.45-2.35 Ixm) com-

prising the subareas of lines 5, 6, and 7 outlined in Figure

C-I. These subareas are confined principally but not exclu-

sively to outcrops of Triassic (Wingate) strata exposed in the

flank of Lisbon Anticline. The subareas include a greater per-

centage of rock outcrop and exclude large areas covered dom-

inantly by trees, shrubs, and grass both north and south of the
anticline that are included in transform I. Discrimination of

Wingate strata from neighboring units within the section was

expected to be enhanced by reducing vegetation cover in the
samples; in addition, distinction of facies within the formation

(bleached versus unbleached rock) was expected to improve.

The distribution of eigenvector weightings on the original spec-

tral channels has certainly been changed by the subarea sam-

pling, but the interpretation in terms of a simple two end-
member model is not obvious. The restricted area (transform

II) PCs were used to transform the image data for lines 5, 6,

and 7. These images were used to study the distribution of

rock units and were compared with renditions produced by
transform I. A detailed analysis of the differences will not be

given, but examples of the results are included in Appendix F

for comparison with Figure 8-21. Qualitatively, little or no

improvement in the separation of rock units can be recognized

by these restricted sampling transforms. Improvements were

achieved, however, in separation of Quaternary alluvium in

modern stream channels, as shown in figures in Appendix F.

The covariance matrix for the transform II sample population

and the corresponding correlation matrix are given in Table

C-5. This information, when compared to the earlier result for

transform I, discloses less vegetation-like structure. This is
indicated by correlation values such as c_4, c_5, which are closer

to unity. Eigenvalues and eigenvectors for this transformation

are given in Table C-6. Plots of the weighted eigenvector PCs

(Figure C-6) for transform I1 also disclose a strong correlation

Table C-5. Transform I1: Covarlance II%il and correlation ilc,jlt
matrices from NS-001 data, Lisbon Valley, restricted area

(a) Covarlance matrix

1009.26

1094.04 1232.37

1083.16 1255.76 154.89

901.46 1074.75 1293.20

918.11 1100.38 1358.46

1047.04 1226.95 1499.78

949.80 1113.29 1389.20

1283.14

1308.91 1410.51

1310.54 1438.13 1598.67

1165.49 1265.65 1430.73 1382.69

(b) Correlation matrix

1.000 0.981

1.000

0.866 0.792 0.770 0.824 0.804

0.909 0.855 0.835 0.874 0.853

1.000 6.917 0.919 0.953 0.949

1.000 0.973 0.915 0.875

1.000 0.958 0.906

1.000 0.962

1.000

with vegetation, although the magnitudes of some components

have changed and reversals in sign are common.

C. Transform III, Line 5 Sampling

Thus far, the PC transformation described has been restricted

to bands 1 through 7 of the NS-001 data. Inclusion of the

eighth band (10.4-12.5 txm), composed of radiance due to

thermal radiation, produces a transformation with some useful

rock discrimination properties. Transform III was prepared by

sampling pixels over eight channels comprising the total area

of line 5 of the August 28, 1979 Lisbon Valley flight. The
area of line 5 is depicted in Figures C-I and 8-2. The 8-band

PC transformation is used for comparison with Fraunhofer Line

Discriminator (FLD) data (Paragraph VIII.G.).

The covariance and correlation matrices for transform Ill

are given in Table C-7. As expected, the thermal radiance data

Table C-6. Transform I1: Eigenvalues and eigenvectors from NS-001 data, Lisbon Valley

Band Eigcnvalue !_' -
I

1 8637.2 91 0.305

2 464.7 5 0.647

3 216.3 2 0.087

4 77.6 0.8 O,160

5 44.5 0.5 0.015

6 13.8 O. I 0.675

7 12.3 O. I 0.005

_'Perccnt variance explained by successive I'('s.

Eigen,.ector

2 3 4 5 6 7

0.354 0,415 0.367 0.388 0.421 0.383

0.546 0.009 0.248 0.386 0.212 0.168

O. 139 0.223 0.598 0.360 /).259 0608

0.967 0.739 0.276 0.287 (1.5 I(I 0.003

0.103 0.465 0.344 0. 102 0.450 0.665

0,728 0.017 0.056 0.077 0.061 0.(151

0,091 O. 125 -0.499 0.687 0.495 O. 102
_I
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Table C-7. Transform IIh Covariance I1%!1and correlation ilc#lJ
matrices from the 8-channel (including thermal) NS-001 data,
Lisbon Valley

(a) Covariance matrix

1060.24

1105.09 1187,53

1233.67 1346.98 1696.55

959.97 1084.46 1297.82 1534.20

1004.37 1134.77 1397.51 1529.69 1615.04

1170.33 1297.13 1674.61 1366.13 1535.50 1763.37

1230.64 1358.06 170.25 1374.16 1543.77 1822.69 1988.26
990.16 1115.30 1493.05 1272.07 1515.48 1741.57 1836.85 2734.70

(b) Correlation matrix

1.000 0.985 0.920 0.753 0.768 0.856 0.848 0.582
1.000 0.949 0.803 0.819 0.903 0.884 0.619

1.000 0.804 0.844 0.953 0.948 0.693

1.000 0.972 0.831 0.787 0.621

1.000 0,857 0.862 0,721

1.000 0.973 0.793

1.000 O.788

1.000

are relatively uncorrelated with the data for all visible and near-

infrared channels.

Eigenvalues and eigenvectors for this transformation are given

in Table C-8. The weightings of eigenvectors on the original

axes are given in Figure C-7. The histogram for the first PC

typically portrays a nearly equal weighting of all channels on

the first component. The second PC is strongly dominated by

the contribution from the eighth channel and thus represents

the thermal radiation or loosely the "temperature." The dis-

tribution of weights for the third PC resembles that for the

second PC of the Lost River data and may thus be correlated

with vegetation. The fourth PC of the 8-channel transform

(excluding channel 8) resembles the second PC of the Silver

Bell 7-channel transform and may thus describe both a non-

vegetative and a nonthermal component in the same radiance,

i.e., rocks and soils.

III. Covariance Matrices and PCs
for Calibrated Radiance Data

Thus far the covariance matrices and properties of the PCs

derived from the raw or uncalibrated image radiance data have

been described. Such data are linearly related to surface reflec-

tance values. Consequently, a covariance matrix element u_j

in terms of the reflectance pj is related to a covariance matrix

element computed from the raw values u 0 by

.ij = <kj.[I

wherc kl is the gain factor for channel i.

To determine the differences in information that may exist

between these two descriptions, the data for transforms I and

II were compared. Note that the correlation matrix is indepen-

dent of both gain and offset parameters in the model described

and no new information is introduced or deleted by obtaining

calibrated matrix elements. The gain (plus offset) factors used

are given in Table C-9.

Tables C-10 and C-II include the covariance matrix and

corresponding eigenvalues and cigenvectors for transform I.

The histogram of eigenvector weightings for the first four PCs

is given in Figure C-8, and the same data for transform ll are

presented in Tables C-12 and C-13 and in Figure C-9. Except

for small changes in wcightings of various components, the

eigenvector histograms for these two cases are identical. In

both cases, the first PC closely follows the reflectance curve

that is characteristic of rock. The second PC is again weighted

heavily on channels 4, 5, and 7--those associated with the

representation of vegetation. The remaining PCs have more or

less equal weight distribution.

Table C-8. Transform II1:Eigenvalues and eigenvectors from NS-001 data (eight channels), Lisbon Valley

Eigcn_cctor
Band t{igcnvaluc c.._

I 2 3 4 5 6 7

I 11420.0 84 1 0.27O 0.297 0369 0.323 _._"_] (1386 0.404 O404

2 I 164.9 8,6 0.296 0.290 (I.208 0.218 O.()g7 (}0l 2 1).01)9 0.854

3 643.6 4,7 0.300 (I.237 ()_ _,8- 0,(_511 {)536 o.088 (t.238 0,032

4 225.3 13 0.512 (1400 (}.I"._s' O. 163 ().()S__ (L373 ().538 0.316

5 57.9 0.4 0.313 (I 125 0.809 0.215 0.225 (h21)l (I.2')8 0.()78

6 48.2 ().3 O()IS 0.(109 (.)8_, 0.329 0.2¢d 0.645 ()631 ))2]

7 l 1.4 (I.08 /)591 (),,=v-,_ 0.184 (I.125 (l_.,)_'t ().150 (l.()10 ((lq

g 7.5 0.06 0 [99 0.273 ().173 0470 ()(_31 0A74 0.061 ().000

Percent variance explained h_ successive 1('s.
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Figure C-7. First four PCs for transform_ lll_of NS-OOldata, line 5, Lisbon Valley; principal values and directions from covariance matrix:

(a) _ klUl; (b) x k2u2; (c) x k3u3; (d) _ k4u4. PCs include the eighth (thermal) channel.

Table C-9. Constants used to calculate gain- and offset-corrected

covariance matrices: DN_ k'-_ + k;', where k_ is percent
reflectance

i k I k

I 7.96 9.84

2 29.45 9.93

3 -2.02 6.83

4 30.46 3.97

5 18.098 3.96

6 13.47 4.69

7 28.93 4.08

Table C-10. Translorm h Covarlance matrix of the retlectances

obtained from element-by-element gain correction ot the matrix

iiu;_l!

7.85

8.22 8.97

12.64 14.06 25.36

13.71 16.39 28.93

15.49 18.59 34.11

17.57 19.97 36.88

19.33 21.77 40.89

52.91

56.53 66.03

44.20 56.23 60.44

44.38 56.78 64.85 76.71
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TableC-11.TransformhElgenvaluesandelgenvectorsfromthecalibratedcovariancematrixbasedonreflectances,
NS-001data,LisbonValley

Band Eigenvalue %_
Eigenvector

1 2 3 4 5 6 7

1 260.7 87.6 -0.142 0.164 -0.297 -0.399 -0.478 -0.470 -0.507

2 27.2 9. I 0.097 0.066 0.153 -0.630 -0.443 0.230 0.563

3 6.5 2.2 -0.557 -0.504 -0.420 -0.213 0.355 0.167 0.243

4 2.3 0.8 0.132 0.094 -0.055 -0.326 0.133 0.721 -0.573

5 1.02 0.3 0.450 0.384 0.649 -0.210 0.338 -0.206 0.168

6 0.04 0.01 -0.036 0.027 0.534 -0.498 0.562 -0.370 -0.107

7 0.01 0.003 0.662 -0.747 0.409 0.008 0.036 -0.018 0.007

aPercent variance explained by successive PCs.

In conclusion, with possible exceptions to PC 1, a linear

transformation representing calibration does not change the

distribution of weighting for any component on any band in a

Table C-12. Transform Ih Covarlance matrix of the reflectances

obtained from element-by-element gain correction of the

matrix I!u#ll

10.42

11.20 12.50

16.12 18.52 33.22

23.08 27.26 47.70

23.56 27.99 50.22

22.69 26.35 46.82

23.66 27.48 49.85

81.42

83.26 89.96

70.38 77.45 73.70

69.78 78.32 74.75 83.04

significant fashion. The correlation matrices are strictly

unaffected.

IV. Covariance Matrix and PCs for

Landsat Image at Lisbon Valley

Table C-14 gives the covariance matrix for Landsat MSS

scene 20872-16540 (June 1977) derived from sampling 90,000

pixels over the subarea shown in Figure 8-37. The correspond-

ing eigenvalues and eigenvector matrix are given in Table

C-15. The eigenvector loading diagram, plotted in the usual

way and compared to the spectral reflectance of vegetation and

rocks, is shown in Figure C-10.

Table C-13. Transiorm Ih Eigenvalues and eigenvectors lrom the calibraled covariance malrix based on reflectances,

NS-001 data, Lisbon Valley

Eigenvector
Band Eigcnvalue % ..........

1 2 3 4 5 6 7

1 358.2 93.0 0.143 0.167 0,295 0.460 0.491 0.443 0.463

2 13,3 4,0 0.134 0.100 0 180 0.585 0.416 0.230 0.610

3 6.6 2,0 0.618 -0.566 0.263 0.193 -0.300 0.191 I').254

4 3.0 1.0 0.217 0.167 -0.195 0.450 0.310 0.61')8 0.467

5 1.4 0.4 0.266 -1').240 0.837 -0.058 0.117 0.176 0,351

6 0.7 0,2 0.112 0.085 0.270 0,449 1').621 0.560 0.086

7 0. I 0.0 0,670 0.741 0.008 0.038 0,004 -0.002 0.0I I

_'F'ercent wmancc explained by successive PCs.
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TableC-14.CovarlancematrixfortheareashownIntheLandsat
MSSimage(Figure8-37)

77.01

129.93 307.63

137.93 321.89 366.05

123.04 281.50 312.95 284.34

Table C-15. Eigenvalues and eigenvectors from the covariance
matrix in Table C-14

Ei.genvectof __ __
Band Eigenwdue 9 _'

I 2 3 4

I 989. I 95.6 0.240 0.548 0.602 0.528

2 22,4 2.2 0.898 0.178 0.354 0,190

3 14.4 1.4 0.329 0.798 0.180 0.473

4 9.2 0.9 0.165 0.178 0.693 0.679

Percent _ariance explained b? successive I'Cs,

i i t r i i
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Appendix D

Systematics of Correlation Matrices

From Lisbon Valley NS-001 Scanner Data

I. Hierarchical Structure and
Analysis With Factors

Previously, the covariance matrices of areas such as Lost

River and Silver Bell were studied in order to assign physical

meaning to the principal components (PCs). These two sites

represent, respectively, heavily vegetated and largely unveg-

etated areas. Another way of understanding PCs is to study the

correlation matrix itself. This matrix has the advantage (described

in Appendix A) that its elements are independent of the linear

scaling transformation associated with calibration and contrast

stretching; therefore, PCs based on the correlation matrix will

be independent of such transformations. The resulting image

transformation can be thought of as calibrated. From a math-

ematical viewpoint, the statistical distribution function of the

eigenvalues for a correlation matrix is more complicated than

that of the corresponding covariance matrix (Morrison, 1967)

and, therefore, analysis into PCs is not usually emphasized.

ttere the hierarchical and factor structures of the correlations

are examined.

Table D-1 presents the correlation matrices for all sites pre-

viously described. Elements were rearranged so that variates

correlating on the average most highly with the others are

placed first, and so on. The arrangements obtained disclose

interesting patterns. In Table D-l(a), the matrix for Lisbon

Valley, line 6, has been rearranged. For any selected coeffi-

cient, all coefficients below it in the same column progressively

decrease (with few exceptions), and all those to the right pro-

gressively increase (with few exceptions). For all sites except

Silver Bell, the variates group themselves in similar hierar-

chical patterns. For 7-channel data, groupings in the first col-

umn are bands 1, 2, and 3 together, 6 and 7 together, and 4

and 5 together. In Table D-l(e), describing the 8-channel results,

the thermal channel (variable 8) falls in a separate group; other

groups previously noted are present as well. For Silver Bell,

Table D-1. Hierarchical arrangement of the correlation matrices for

NS-O01 data of Lisbon Valley and other test sites

(a) Lisbon Valley, line 6

Band t 2 3 6 7 5 4

1 1,000

2 0.980 1.000

3 0.896 0.932 1.000

6 0,807 0.858 0.942 1.0OO

7 0.787 0.830 0.927 0.953 1.000

5 0.680 0.764 0.834 0.891 0.798 1.000

4 0.672 0.753 0.790 0.782 0.697 0.956 1.000

(b) Lisbon Valley, averaged subareas, lines 5, 6, and 7

Band 1 2 3 6 7 4 5

I 1.000

2 0.981 1.000

3 0.866 0.909 1.0OO

6 0.821 0.874 0.953

7 0.804 0.853 0.949

4 0.792 0.855 0.9i7

5 0.770 0.835 0.919

1.000

0.962 1.0OO

0.915 0.875 1.000

0.958 0.906 0.973 1.000

(c) Lost River, West Virginia

Band 1 2 3 6 7 4 5

I I.O0

2 0.97 1.00

3 0.90 0.94 1.00

6 0.75 0.84 0,86 1.00

7 0.75 0.82 0.87 0,87 1.00

4 0.55 0.64 0,60 0,83 0.68

5 0.53 0.63 0.60 0.87 0.69

1.00

0.98 1.00
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Table D-1 (Continued)

(d) Silver Bell, Arizona

Band I 2 3 7 5 6 4

I 1.000

2 0.973 1.000

3 0.956 0.983 1.000

7 0.854 0.870 0.910 1.000

5 0.853 0.883 0.927 0.927 1.000

6 0.845 0.916 0.916 0.952 0.973 1.000

4 0.839 0.904 0.900 0.815 0.890 0.842 1.000

(e) Lisbon Valley, line 5, 8-channel

Band 1 2 3 6 7 5 4

l 1.000

2 0.985 1.000
3 0.920 0.949 1.000

6 0.856 0.903 0.953 1.000

7 0.848 0.884 0.948 0.973 1.000

5 0.768 0.819 0.844 0.857 0.862 1.000

4 0.753 0.803 0.804 0.831 0.787 0.972 1.000

8 0.582 0.619 0.693 0.793 0.788 0.721 0.621

8

1.000

two groups emerge: the first contains bands I, 2, and 3; the

second contains all remaining bands.

Systematic arrangements of variables suggest the presence

of common factors that may account for the correlation struc-

ture observed. To check this, factor analyses were made of thc

covarianee matrices (Table D-2) for Lisbon Valley, line 6, and

Lisbon Valley averaged subarea data using a factor analysis

program in the BMD07 computing package (Dixon, 19741.

Expressed algebraically, the factor model is (Maxwell, 1977,

p. 47)

Zi = (hil.fl + hie.l) + "'" + X,k.fk) + e, (i = 1,2 ..... 7)

in which the ith variate Z, consists of a weighted sum of k

factorsJ_ plus a residual term ei specitic to the ith variate itself.

The h_k constitute factor loadings. Results for a three-factor

model of the correlation matrix are presented.

The three clusterings of bands noted previously are clearly

displayed by these results, For line 6, the first three variables

are associated with the lirst factor, variables 4 and 5 with the

second, and 6 and 7 with the third (a relatively heavy weighting

of the third variable on the third factor is also present). Although

similar groupings can be seen in the matrix for subarea data,

separations here are not as clear. This corresponds to the gen-

erally higher correlations derived for the restricted area data

collection.

Table D-2. Loading of seven variables in three factors
for Lisbon Valley

Band
Factor

I II II1

Transform i, line 6

I 24.22 7.50 -9.66

2 24.17 10.71 -12.04

3 22.55 13.69 -22.65

4 9.54 27.53 -7.33

5 8.21 25.38 -13.75

6 15.18 15.61 25.94

7 16.03 12.18 29.11

Transform II, averaged subareas, lines 5, 6, and 7

I 11.15 27.62 10.32

2 15.55 -28.60 12.62
3 22.49 21.95 22.04

4 28.63 -16.44 12.64

5 2_80 -14.81 16.90

6 24.72 -18.74 24.27

7 19.27 -16.77 26.46

These results are amenable to a straightforward physical

ititerpretation in terms of bands present in the spectral reflec-

tance of rocks and vegetation. In Figure C-2, bands 1, 2 and

3 correspond to a region of chlorophyll and Fe ' 3 charge trans-

fer absorption; bands 6 and 7 span an interval dominated by

absorption due to constitutive water and to overtone and com-

bination bands from OH and from aluminum and hydroxyl.

The intervening region of bands 4 and 5 is populated by weaker

overtones and a combination of OH plus electronic bands, but

this is not a region containing strong absorptions of either

electronic or molecular origin. This interval accounts for the

high-infrared reflectance of vegetation.

To summarize, the correlation matrices for the several Geo-

sat test areas are composed of an aggregate of millions of data

points. These data reveal groupings of the 7-channel scanner

spectral bands associated with regions of distinctive spectral

reflectance. The groupings are correlated with contributions

from rock and dominantly from vegetation. Three clusterings

are evident: (1) bands 1, 2, and 3 in the spectral interval 0.45

to 0.7(I _m, (2) bands 4 and 5 in the interval 0.76 to 1.3(I p_m,

and (3) bands 6 and 7 in the interval 1.55 to 2.35 Ixm. This

factor structure discloses a high degree of dependence within

the groups, suggesting a redundance of the spectral inlbrmation

contained within each. As an example, one correlation matrix

is examined (restricted area statistics using transform II, line

6, Lisbon Valley). The rank of this matrix is certainly less than

its order and is suspected to be close to three. This is consistent

with the presence of three linearly independent factors that

explain more than 97.5 percent of the total variance.
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II. Use of Covariance Versus
Correlation Matrices To Calculate PCs

Use of the correlation matrix is preferred in computation of

PCs from the aircraft data sets because the correlation coeffi-

cients depend on ground reflectances alone and not on gain or

offset parameters characterizing the atmospheric and rescaling

transformations that appear in the calibration equations. Since

the covariance matrix was used in all cases for production of

image data at Lisbon Valley, the differences produced are

important because the covariance matrix does contain products

of gain factors in each element.

The eigenvalues and eigenvectors for transtbrm I1, based on

the correlation matrix, are presented in Table D-3, and the

histogram of weighted eigenvector component x/;_j uj is shown

in Figure D- 1. The first three of the seven eigenvalues encom-

pass 98.5 percent of the variance and the determinant of the

correlation matrix has the value 6.759 × 10 -8. This suggests

that the determinant is singular, that the matrix has a rank

(probably three) less than its order and, therefore, that consid-

erable linear dependence exists among elements.

The histogram of eigenvector components resembles, except

for magnitudes that may be rescaled and unimportant differ-

ences in sign, the corresponding covariance matrix of Figure

C-6 and Table C-5. For this typical example, both approaches

yield equivalent results.

Band

Table D-3. Transform Ih Eigenvalues and eigenvectors computed from the correlation matrix

Eigenvector
Eigenvalue %_

I 2 3 4 5 6

I 6.34 90.7 0.359 0.375 0,388 0,377 0,379 0,387 0.379

2 0.40 5.6 --0.666 0.494 0.039 0,276 0,386 0.217 O.198

3 O.16 2.3 -0.072 O.118 0,225 0.601 0.335 0.258 0.625

4 0.05 0,7 O, 147 -0,059 0,726 0.288 0,334 0.508 0.015

5 0.03 0,5 0.009 O.102 -0,502 0.342 -0.130 0.438 0.642

6 0.01 0.2 0,633 0,764 0,017 0.090 0.046 0.048 -0,054

7 0.01 O,1 0,028 0,055 O, 132 0.461 0.681 0.539 O.1I0

"Percent variance explained by successive PCs.
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WAVELENGTH, Fm

Figure D-1. First four PCs for transform II of NS-001_ data, Lisbon Valley, restricted area; principal values and directions from correlation
matrix: (a) q'k_ul; (b) \."k=u2; (c) v"X.zUz;(d) \"k4u4. (See Table D-la.)
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Appendix E

Principal Component and Canonical Scatter Diagrams:

The Analysis of Mixed Spectral Collections

At the spalial resolution provided by NS-001 images at Lis-

bon Valley (-15 m), very few it any of the pixels are com-

posed of rock outcrop alone; most contain a mixture of one or

more components consisting of vegetation, soil, talus, allu-

vium, eolian deposits, and rock outcrop. The quantitative inter-

pretation of image spectra and the images themselves, either

in terms of rock composition or as vegetation diversity, requires

methods for estimating and separating the components present.

To study the estimation question, two methods, based on the

uses of the principal component (PC) transformation and on

the canonical transform, are presented here. Two diagrams are

used: (1) a new diagram, called the PC diagram, that allows

a simple graphical estimate of proportions in tnixed systems,

and (2) the familiar canonical scatter diagram, reinterpreting

this latter diagram for purposes of proportion estimation.

To study the separation of units in images, a method account-

ing for the color discrimination properties of the eye is required.

This method should permit an estimate of what established

spectral groups are just separable from one another in our

perception, given the image rendition and color assignments

of the composite. The concept of the McAdam ellipse would

appear to be fundamental here. The detailed working out of

this second question is left for a subsequent study'.

I. The PC Diagram

The PC diagram is constructed by analogy with the familiar

chromaticity diagratn used in colorimetric matching theory (refer

to Wyszecki and Stiles, 1967, for a discussion of chromaticity

diagrams). In the PC diagram, the primary colors of the chro-

maticity diagram are replaced by the PC representations (usu-

ally linearly transformed) of a spectrum or spectral collection.

The PCs arc statistically uncorrelated quantities, just as the

primary colors are linearly independent colors, These PC com-

ponents involve weighted contributions from all spectral chan-

nels and are often spoken of as providing a means of "'data

compression." These properties make the PCs desirable var-

iables, although they arc obviously not the only choices pos-

sible. For example, the raw reflectances (or digital number,

DN, values) may be used to define points in a seven-dimen-

sional space (NS-001 data) and to define the properties of the

distribution by projections designed to reduce the number of

dimensions and thereby ease the problem of' visualization and

analysis. Thus, the choice of projection may not be obvious.

The dimensionality is reduced in a statistically meaningful

and parsimonious fashion by using the PCs since, typically, a

htrgc fraction of the variance (98 to 99 percent) is contained

within the first th,ee or four variables.

II. The Canonical Scatter Diagram

Another example of projection is the canonical scatter dia-

gram. This diagram contains all of the convenient properties

described above for the PC diagram. The canonical variales

are quantities made up of linear combinations of original var-

iables and may be thought of as a data compression scheme

with the additional important property that the axes are chosen

to optimize separation of chosen groups in the data swarm

relative to scatter inherent within these groups. This transfor-

mation (here orthogonal) selects the plane of projection through

seven-dimensional space that accomplishes the separation desired

for two variables. Groups existing outside the plane may appear

in slices perpendicular to the axis of the third (or other) ca-

nonical variate. The canonical scatter ph)ts used here are pro-

duced as part of thc BMD07 discriminant analysis computing

package (I)ixon, [974).
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III. Derivation of Coordinates
in the PC Diagram

In terms of the scanner data, the radiance from a single pixel

may be described by a point in a seven-dimensional space, the
axes of which are measures of their energy in each channel.

In terms of the radiances (DN values), the ith PC is defined

as

7

V_ = _'_ Xi,_DN,_ (i = 1,2 ..... 7) (E-l)
_=1

where the hi,_ are direction cosines between the positive end

of the ith principal axis and the position end of the ath original
(radiance) axis. The DN,_ are adjusted for atmospheric atten-

uation and instrument response in accordance with Eq. (A-I 5)

to obtain quantities proportional to surface reflectance.

Since the PCs given by Eq. (E-I) may assume a wide range

of values both positive and negative, these values must be

rescaled to the 0 to 255 DN range before pictorial represen-

tation. The rescaling to positive values is in practice accom-

plished by applying a linear gain-plus-offset transformation. A
second transformation, clipping the DN distribution at high

and low ends and representing a stretching of these values for

image display, is applied for each PC. These two transfor-

mations may be combined into a single linear transformation

to yield variables Ui given by

Ui = AiVi + Bi (i = 1,2 ..... 7) (E-2)

where Ai and B, are constants. As a result of this (cosmetic)

stretch transformation, a small percentage of DN values occu-

pying extreme positions in the DN distribution may be set to
saturation (0 to 255) values. For purposes of comparison with

the image data, the transformation of Eq. (E-2) has been applied,

using those constants employed in production of the images

dealt with in practice. The transformation may, of course, be

adjusted to achieve any range of values.

Take the coordinates of a point P in PC space (Figure E-l)

to be (U1,Uz,U3) and the intersection of the vector P, with the

unit plane (the PC diagram) to be Q (ul,u2,u3). In colorimetry,

the ui are termed tristimulus values represented by primary
colors U_,U2,U3. The u¢are then the chromaticity coordinates

in the unit plane, which is the plane of the chromaticity dia-

gram. In terms of the principal coordinates (U_,U2,U3), the

unit plane is given by

U 1 + U 2 q- U 3 = i (E-3)

while the plane passing through P' (U[,U_,U'3) parallel to the

unit plane is

U
1 p!

u 1

P(U 1, U2, U3 )

Q(u 1, u2,

U2

u3 )

UNIT PLANE

U 3

uj =Uj/(U l + U2 + U3), j -- 1,

f = PROPORTIONAL TO AMOUNT
P OF P' IN P

2, 3

Figure E-1. Coordinate system of the PC diagram. Points P' and P"

represent end-member spectral groups in a space of the first three

PCs. Point P represents a mixture with proportions fp of P' and (1

- fp) of P". These points project to the unit plane as Q', Q', and Q

and a distorted proportion fo for the amount of Q' in Q.

Ut + U2 + U3 = U'I + U-_+ U_ (E-4)

Without loss of generality, and to simplify discussion, consider
a situation in two dimensions obtained by letting U3 = 0

(Figure E-2). From this diagram, the coordinates of point Q'

referred to the unit plane are

u_
u', - , , (E-5)

Ui + U2

u;
u_ = --7 , (E-6)

U 1 _- U 2

These formulas arc identical to the chromaticity coordinates

computed from the tristimulus values in the corresponding col-

orinaetric problem.
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U1

(U1, U2)

(Ul", u2")

uI

U1

u 1

Figure E-2. Detailed relationships between the principal coordi-
nates R P', P" and principal coordinates reduced to the unit plane
Q, Q', and Q"

Formulas applicable to mixtures of (supposedly) well-defined

pure end members can be derived from simple photometric

proportionality arguments. Consider a pixel to bc of unit area

and to contain two components. If an areal fractionf is made

up of end-member A with reflectance in band i of RiA and thc

fraction (1 --f ) of end-member B with reflectance in i of Rm,

then the reflectance R_ of the total is obtained from the expression

Ri - Rm
f - (E-7)

R,A -- RiB

The reflcctances are essentially linearly related to DN values,

so Eq. (E-7) can be rewritten as

DN i - DN m
.f = (E-S)

DNiA - DNin

Using Eq. (E-l) for the PCs

where

V, -JV,A + ( 1 -.[)Vm

ViA,B -- E _ki(_ R(_A,B

(E-9)

Finally, since from Eq. (E-9)

W i - WiB

f = (E-10)
V,A- Vis

the application of Eq. (E-2) yields

Ui- Um
f= (E-11)

UiA -- UiB

and the photometric proportionality expressed in Eq. (E-7)

carries over when the variables are transformed to the system

of the U_.

Consider a system consisting of two pure end members

represented by the points P'(U;,U_) and P"(U'(,U_) (Figure

E-2). if a mixed system consists of a proportion f of U; and

a proportion of 1-f of U'2 and is reprcsented by the points

(]_ and U2, then corresponding point P (Ut,U2) has coordinates

related by

UT-UI U_-U2

uT-u; u_-u_
-f (E-12)

Equation (E-12) is the equation of the line through P' and P",

with f the fractional distance of P from P', i.e., f =

PP'/P'P". The coordinates (u_,u2) of P, projected onto the unit

plane, are given by

UI

141

Ut + U2

U2

u 2 -
W 1 {- U 2

(E-13)

The statement of these results in three dimensions follows

from the vector nature of the quantity P' and P" {see, for

example, Wyszecki and Stiles, 1967, p. 231). In three dimen-

sions, the principal coordinates reduced to lhe unit plane

UI

u] U] + U2 + U3

U2

it 2 -

Ul t- (]2 + U3

U3

II 3

U] + U2 t- (}3

(E-14)

Representations in the unit plane are a simple way of com-

paring the relative positions of important spectral groups in

reduced dimensions. Furthern_ore, these representations may
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tral groups, and (2) what linear transform optimizes the sep-

aration between groups present if the spectral band selection

is fixed? The first question falls within the framework of dis-

criminant analysis, to be discussed later. The second question

is answered by the canonical transform if the separable groups
are known. The PC transformation uses the (unsupervised)

covariance matrix to provide average separation based on the

scatter properties. Regardless of the transformation, it is pos-

sible to estimate group separation by a simple Euclidean dis-

tance measure in PC space.

To illustrate the method, the distance between two points

(Ui ,U2,U3) and (UI ,U_,U_) is computed. Further, to simplify,

assume that the reflectance is zero except for a single band r_
whcre [3 --- 1..... 7. Then in terms of reflectance, the U, are

Ui = Aihitsr_ + Bi (i = 1,2 ..... 7) (E-17)

where the constants Ai, Bi lump all the atmospheric, instru-

mental, gain, offset, calibrations, and cosmetic stretching com-

ponents present in the model. The Euclidean distance (squared)

D_ separating spectral classes in a three-dimensional subspacc

appropriate to PC on canonical variate diagram representa-
tion is

D_= 22 2 _ 22(AI_.|13 + A2h_13 + A3hq3) (r13 - r_) 2 (E-18)

Thus, any inherent separation between points due to differ-

ences in reflectance is anlplified for display by the factor

-- 2 2 1/2
E(Aj_._) . If it had been possible to work in terms of reflec-
tance alone, the A_ could be taken equal, say to A, and Eq.
(E-18) would be reduced to

D_ = A2(K_I3 + h22_+ h_13)(r13 - r;) 2 (E-19)

Equations (E-18) and (E-19) show that a given amplification
factor may be achieved, changing either the constants Ag or thc

direction cosines h_,_. Image calibration is one possible trans-
formation changing thc A_, but an equivalent result may be

obtained formally by a stretching transformation unrelated to

the calibration procedure. There is a priori no way to decide

that calibration provides a "better" result since such linear

transformations are clearly similar. Regarding the second factor

in Eq. (E-19), different h_, may be obtained by using different

starting covariance matrices. The covariance matrix depends
on the sample area chosen.

To get a feeling for magnitudes of PC amplification/'actors,
•g, 2

the quantities ,_,h_ are computed for four PC transformatkms
derived from separate areal samplings of Lisbon Valley

NS-0(II imagc data. These results are shown in Table E-1.

An example of this procedure applied to image data of Lisbon

Valley is given in Tables E-2 and E-3, where the separation

distance D is computed for outcrops of bleached and unbleached
Wingate Sandstone according to two different PC transfor-
mations. The covariance matrix tbr transform 1 was derived

from sampling the total area covered in August 1979, NS-001

Unit
Plane _

Table E-1. Calculated Euclidean distance amplification factors for various

Lisbon Valley PC transformations

Band

1 2 3 4 5 6

(1,2,3)

(2,3,4)

(1,2,3)

(2,3,4)

Line 5 (transform I)

0,6957 0.6177 0.5011 0.7833 0.6492 0.5771 0.7174

0.6843 0.5368 0.7046 0.7820 0.6392 0.6192 0.5888

Line 6 (transform I)

0.6915 0.6332 0.4612 0.7420 0.6834 0.5857 0.7395

0.6487 0.5418 0.4981 0.7721 0.6440 0_7143 0.7183

(1,2,3) 0,7001

(2,3,4) 0,6618

(1,2,3) 0.7206 0.6651

{2,3,4) 0.6720 0.5715

"(1,2,3) = (X_¢_+ X_I, 4- X],)'_"
2 I/

(2,3,41 (X_,r_ _ 2qj t + _'4/_) '"

Line 7 (translbrm I)

0.6446 0.4202 0.7494 0.6583 0.5909 0.7570

0.5419 0.5749 0.7327 0.6206 0.6980 0.7273

Average of lines 5, 6, and 7 (transform ll)

0.4709 0.7438 0.6548 0.5375 0.7385

0.7718 0.7D36 0.6007 0.6096 0.63t3
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Table E-2. Comparison of Euclidean separation distances O under various PC transformations
for bleached and unbleached Wlngate facies, NS-001 data, Lisbon Valley

(a) Raw channel values after Gradrem (line 5)

Channel
Facies a

1 2 3 4 5 6 7

Bleached 207 _+25 190 +26 180 +27 158 _+29 148 _+29 152 ±28 170 +23
• ,w (9) t'

Unbleached 155 + 11 179 + 15 232 _+19 224 _+18 228 + 18 237 _+13

• w (15)_

211 + 17

(b) PC transforms I and II

Facies a
Principal Component

V 1 V2 V3 V4

Transform I: Line 6, total area, 7-channel

448 +70 -32 -+48 -82 +10 117 +23

557 +42 44 _+5 5 _+4 151 _+12

Transform II: Average of three areas, 7-channel

Bleached "Rw (9) b

Unbleached "Rw (15) _

Bleached "Rw (9) b 450 _+70 82 +2 9 -+6 -6 q__l

Unbleached "Rw(15) _ 558 -+42 -27 +2 -10 +3 8 +1

(c) Euclidean distance D between bleached and unbleached "l_w

Unit Plane d Transform l Translbrm II

(1,2,3) 154 _+115_

(2,3,4) 113 + 57

_Numbers in parentheses are sample sites.
bAverage of72 pixels, +_1 o.

_Average of24 pixels, ± 1 o.

d(1,2,3) based on PCs 1,2, and 3; (2,3,4) based on PCs 2, 3, and 4.
_See text for method of calculation.

115 +_82

111 ±4

data, line 6. The covariance matrix of transform I1 was corn- and

puted from areas of reduced size in lines 5, 6, and 7, principally

restricted to outcrops of Wingate Sandstone and stratigraphi-

cally adjacent rock units (see Figure C- 1 for these areas). Com-

parison of the figures indicates that while the D distances for VI.
(I,2,3) space and (2,3,4) space for these two rock units remain

the same regardless of the transformation, the uncertainties

derived from scatter in pixel radiances have been reduced dra-

matically. The uncertainties given were computed as total dif-

ferentials from the formula

AVI AV2 AV3
_D = --_V1 +--_AV2 + --_iV3, etc.

D D D

where

AVI = IV1 (bleached) - V1 (unbleached)l, etc.

_VI = I_VI (bleached)[ I_VI (unbleached) I, etc.

Generalization of the Distance D 2 for

Group Separability To Include a
Spectrum of p Discrete Reflectances

It is not difficult to generalize the preceding analyses to a

case of p spectral bands and provide insight into a means of

maximizing the scparation of points in PC space. Here points

rather than clusters are discussed, with the understanding that

these points may represent the mean direction of clusters. Let

the spectrum be characterized by p reflectance values (r,_ =

1,2 ..... p) and represented by a point in an orthogonal

p-space, the jth axis representing thc jth reflectance value in
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TableE-3.Meanvaluesofprincipalcoordinatesandseparation
distancesforbleachedandunbleachedWlngateSandstone

(a)Meanvaluesandstandarddeviationforgroups

Unit Plan&
Wingate Sandstone

Bleached Unbleached

Transform I

(I,2,3) 457 ±74 559 ±42

(2,3,4) 146 +34 157 _+12

Transform It

(1,2,3) 457 _+69 559 ±42

(2,3,4) 83 -+3 30 ± 3

(b) Separation distances D with 95 percent confidence intervals

Unit Plan& Transform I Transform II

(1,2,3) 154 ±24 155 ±23

(2,3,4) 113 _+9 111 +I

:'(12,3) based on PCs I, 2, and 3; (2,3,4) based on PCs 2, 3, and 4.

the usual way. The coordinates Uj (j = 1,2 ..... p) give the

combined effects of linear transformations representing (I)

instrumental encoding, (2) orthogonal (PC or canonica}) trans-

formations, and (3) rescaling for color display (i.e., 0 _< Uj

_< 255, j = 1,2 ..... p). In subscript notation

P P

V; = a; + a; S, Xjok"+ a;
(t =: 1 Co= I

(j = 1,2 ..... p) (E-20)

Equation (E-20) represents an afflne transformation on the

continuum of possible values in r, representing the scene, to

values in U. A useful geometrical interpretation emerges using

the languages of the infinitesimal theory of elasticity (Sokol-

nikoff, 1956, p. 6). Part of Eq. (E-20) represents rigid body

motion (translation and rotation) of the r-values and part pure

deformation. From the standpoint of the assumed criterion of

separability--maximizing the separation distance (squared) D 2

between pairs of points for spectral classes--only the dilita-

tional part of this deformation is needed (pure shear changes

shape only), and it is sufficient to consider the changes in

distance D 2 resulting from the transformation. In subscript

notation

ED 2 = a 2 h(j
_ -=j I J 1

(E-21 )

where At) represents the difference in reflectance between two

groups in band j. The only adjustable parameters in Eq.

(E-21) are the p gain factors a_ since the hij are fixed by the

PC transformation and the kj are instrumental gain factors fixed

for each flight. It is easy to see that D 2 increases directly as

the square of the ai. Adjustments of the a,, consistent with

rescaling of the U; to the available dynamic range, are performed

routinely and arc called marginal contrast enhancements by

Soha and Schwartz (1978). Thcir transformations are nonlinear

(Gaussian), whereas the present analysis supposes linear oper-

ations only. The procedure is analogous to that of decorrelation

enhancement, except that an inverse transtormation to original

axes has not been included here. This step is not essential to

illustrate the geometrical consequences of the transformation

since D 2 is unchanged by this additional pure rotation. The

earlicr example worked out here in detail (Eq. E-19) is a one-

dimensional case, representing a simple extension (i.e., ekm-

gation) of the distance Are,. Decorrelation enhancement intro-

duces this additional pure rotation to original axes to preserve

color relations (Soha and Swartz, 1978). Such rotations, of

course, leave the dilitational aspects of the affine transforma-

tion (Eq. E-20) unchanged.

Marginal enhancements amplify not only the distances between

spectral groups but the inherent scatter about the mean as well.

The effectiveness of such procedures must still rely on the

interpreter's judgment to provide a measure of the usefulness

of the results.

VII. Representation of a Spectrum With
Discrete Uniform Reflectances in
PC Diagrams

The general relations between the principal coordinate reduced

to the unit plane (u_ ,u2,u3) and an arbitrary spectral reflectance

(R I,R 2..... R 7) are algebraically complicated, but important

properties of the diagrams and insight into a physical inter-

pretation of the PCs themselves are obtained by considering a

simplified situation where the reflectance in all bands is equal

to R, fbr example. This simplified spectrum corresponds phys-

ically to the effects produced by deep shadowing (zero reflec-

tance) where, for a diffuse, perfectly reflecting target, the quan-

tity I - R corresponds to the fractional area of shadows present.

Derivation of the principal coordinates in terms of the com-

ponents of reflectance is straightforward, so the details are

omitted. The ith coordinate u, is given in terms of the parameter

by

AiR + Bi
u; = (i = 1,2,3,4) (E-22)

3,4 3 ,,1

Z AjP, + Z B�
1 = 1,2 j= 1,2
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Equations (E-23) and (E-24) are independent of _', i.e., the

path depends upon the gain, offset, and transformation factors

only.

These diagrams provide a graphical demonstration that the

variable ul predominantly measures the albedo or average value

of the reflectance since variation of reflectance with wavelength
is specifically excluded from this calculation.

The distance between points in the ut,u2 plane between any
two values of the reflectance R_ and R2 is given by computing

f_l 2Sill ._ ,, = ds (E-25)

where ds 2 = du_ + du 2. From this expression,

. _- .W \A ___[)2+ (12 B2)"

[ ' ' 1(A_'I + B) (AR 2 + B)
(E-26)

For a point of reflectance Rt, fractional distance f between
the endpoints is

f= 1 - R_ (E-27)
Sloo,o

1 Rp
100

.t- (E-28)

VIII. A Note on Statistical Analysis
and PC Diagrams

The discussion of PC diagrams given above centered on a

largely geometrical representation of spectra in PC space, with

no attempt to derive these results from any statistical basis.

Horwitz et al. (1971, 1975) and Nalepka et al. (1972) presented
a statistical method for proportion estimation based on a max-

imum likelihood principlc. This method uses a photometric

model equivalent to that represented by Eq. (E-9). In the model

of Horwitz et al., the signature of an object class i (e.g., rocks,

trees, dirt, weeds) is represented by an N-dimensional (N-

spectral channel) Gaussian distribution with mean A, and co-
variance matrix M,. If the proportions of a mixture are h', the

signature of the mixture is a Gaussian distribution with mean
A_, = EhiA_ and covariance

M = E k'M i

If y denotes the N-dimensional data vector obtained from the

scanner, the method of maximum likelihood leads to proportion
h that minimizes a function

oa) -- Ib'- A I1

These results have simple geometrical interpretations and have
in fact been drawn on in the construction of hypothetical scatter

plots and the binary and ternary systems depicted above.

Since PCs are linear combinations of random variables (i.e.,

the rcltectances) with distributions that are nearly Gaussian.
the PCs themselves are Gaussian distributions. Thus, the sta-

tistical and geometrical formalism developed by Horwitz et al.

(1971) applies to the problem in PC space, provided the A_, is
reinterpreted as mean values for the resultant PC vectors and
M as the associated covariancc matrix.
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Appendix F

Additional Renditions of Principal Component Images

From the Bendix 24-Channel and NS-001 Scanners,

Lisbon Valley, Utah
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FigureF-3.Seven-bandPCimageoftheBigIndianareapreparedfrom10channelsoftheBendix24-channelscannerdata;
V1= blue,V2= green,V3--red
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tree and shrub cover except in rocky portions and along
stream courses.

c. Tertiary formations. The stratigraphically lowest Ter-

tiary formation exposed in the map area is the Lower
Eocene Wind River Formation. The Wind River consists

of sandstone, siltstone, claystone, and coal beds, together

with separately mapped chromolithofacies of conglomer-
ate, siltstone, and sandstone. The chromolithofaeies

(Thaden, 1980e) characterize this formation. They are

described as beds of characteristic color, grain-size distri-

bution, physical character, and composition. The chromo-

lithofacies are high-energy deposits of fluvial origin and

are complexly interbedded with sandstones and siltstones,
rocks that constitute the bulk of the formation. Basal units

of the Wind River Formation are generally not exposed,

except in the Guffy Peak Quadrangle along the eastern
side of Steffen Hill, where the formation rests on Paleozoic

and Precambrian rocks. The upper part of the formation

has been eroded, leaving a maximum residual thickness of

2300 m in the southwestern part of the Picard Ranch

Quadrangle. In the Gully Peak Quadrangle, the Wind

River is exposed mostly in complexly faulted horsts along

the southern boundary, and is in part buried by younger

formations. On aerial photographs the Wind River For-
mation is characterized by sparsely vegetated outcrops of

buff, gray, tan, red, and dark-brown rocks; the bedding is
indistinct. These relatively soft rocks weather to rounded

slopes or form low cliffs where the units are resistant.

The Upper and Middle Eocene Wagon Bed Formation

is deposited on top of the Wind River Formation on a sur-

face that may have locally more than 100 m of erosional

relief. The Wagon Bed consists of volcaniclastic claystone
and sandstone composed of crystal and vitric tuff. These

beds may incorporate locally derived detritus, particularly

from the Wind River Formation beneath. The claystones

are pale green to grayish-yellow and become orange, pink,

maroon, and purple when sands from ferruginous sources

are incorporated in them. Deposits of boulders made up of

lower Paleozoic and Precambrian rocks fill paleovalleys on
the flank of the mountain and contain basal Wagon Bed

volcanic ash and sand in the interstices. Examples of such

deposits in the paleodrainage may be found in Hoodoo

Creek and the West Fork of Dry Creek in the map area.

The Wagon Bed in general was deposited on an extremely

rough paleotopographic surface. The formation possibly
buried the mountains at one time. Much of the formation

has been removed by erosion. The maximum remaining

thickness is approximately 200 to 300 m. On aerial photo-

graphs the Wagon Bed Formation is typified by light-col-

ored buff and gray interbedded outcrops that are mostly
free of vegetation, except for a discontinuous cover of

shrubs and grasses. The light-colored monotonous charac-

ter of the Wagon Bed contrasts with the varicolored lithol-

ogy of the underlying Wind River section.

d. Quaternary sediments. Quaternary sediments consist

of older gravel deposits that cap pediment surfaces, allu-
vium that fills the bottoms of modern stream channels, and

dune deposits (Thaden, 1980e).

Gravel deposits of Holocene and Pleistocene age occur
as fan remnants and pediment caps flanking Hoodoo

Creek and the West Fork of Dry Creek. Clasts in these

deposits range in size from boulders to silt with mostly
cobbles. Sources consist of detritus from the weathering of

Precambrian metasediments in the quadrangle and

include quartz-feldspar-mica schist, hornblende schist,

uralitic hornblende schist, garnet-mica schist, quartzite,

minor Precambrian granite, and rare Paleozoic sediments,

including Flathead, Amsden, Park City, and Madison

Formations. The clasts are mostly dark-colored, and con-

sequently the deposits appear dark-brownish to black in

aerial photographs. Most deposits are 2 to 5 m thick, but

may reach 20 m. The deposits mapped exceed 1.5 m in

thickness, although lag gravels a cobble or two in thickness

have a wider distribution. Multiple fan gravels of probably

distinct ages can be separated based upon differences in

composition, elevation, and form. However, these deposits

are undifferentiated in the geologic map of Figure 9-23.

Deposits of older alluvium from sheet wash occur as

fans and bajadas on the low flanks of highland areas and

fill paleovalleys that coincide approximately with con-
temporary drainages. These poorly sorted deposits consist

of sand, silt, and clay, and their colors vary from gray to

pale reddish-brown where oxidized ferruginous materials

are present.

Younger alluvium corresponds to deposits found in

arroyos and modern watercourses. These deposits consist

mostly of sand, silt, and gravel derived from the reworking

of older alluvium and weathering of Tertiary rocks. These

deposits reflect a change from an aggradational cycle in

which older alluvium was deposited, to an arroyo-cutting

degradational cycle with deposition of alluvium.

Dune deposits of mappable thickness are limited to

occurrences along the eastern side of the West Fork of Dry

Creek south of Steffen Hill. The sand is principally very

fine-grained quartz with a minor anaount of accessories.

Source beds include the Wind River and Wagon Bed For-

mations and alluvial deposits, Deposits of light-buff, wind-

blown sand too thin to map cover terrace gravels and other

rock outcrops about 3 km to the east of the main deposits
shown.
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analyses of the images, aerial photographs, and topo-

graphic maps.

B. Use of Aircraft Scanner Image Data for Geologic

Mapping

I. Description of the geologic mapping. Geologic quad-

rangle mapping of the east end of the Owl Creek Moun-

tains, covering the area of aircraft scanner images, was

carried out in 1967 through 1974 by R. E. Thaden of the

U.S. Geological Survey (USGS). An index map giving

the locations of these published quadrangles and the

ground coverage of the airborne scanner data is shown in

Figure 9-22.

Figure 9-23 is a geologic map for a portion of the Guffy

Peak (Thaden, 1980d) and Picard Ranch (Thaden, 1980e)

Quadrangles, the geology of which is typical of that

exposed along the range front. Tertiary sediments, includ-

ing the Wind River and the Wagon Bed Formations, lap

onto Precambrian granitic rocks and metasedimentary

schists and gneisses that constitute the core of the East Owl
Creek Mountains. Paleozoic sandstones and limestones are

found unconformably overlying granite in Steffen Hill.

Steffen Hill represents a structurally downdropped,

intensely faulted block of sediments in the collapsed toe of
the Owl Creek overthrust. This thrust fault, in Laramide

time, carried Precambrian, Paleozoic, and Mesozoic rocks
southward toward the Wind River Basin and over an

upturned Mesozoic and Paleozoic section in the basin. The

distribution, lithologic character, and structural relations

of these formations pertinent to the remote sensing obser-
vations are described below.

a. A rchean rocks. Dark-colored metasedimentary schists

and gneisses of widely variable composition are found in

the northern part of the map area. These trend in bands

N 50 ° E to N 80 ° E, dipping steeply, mostly to the south.
The metasediments have been divided into three groups

(Hamil, 1971). All groups are similar and include biotite

schists, hornblende schists, and garnet biotite schists, all

of variable mineralogy, and quartzite.

Granitic rocks range in composition from quartz-

microcline to quartz-microcline-plagioclase-biotite-

muscovite granite. Their color ranges from pale orangish-

pink to bright, rusty orange in outcrops north of Steffen

Hill, where the granite was probably buried beneath alka-
line, saline lakes during part of the Tertiary and possible

Quaternary time (Thaden, 1980d).

b. Paleozoic rocks. Paleozoic rocks in the map area in

Figure 9-23 are confined to Steffen Hill, where Middle

Cambrian through Upper Mississippian rocks are exposed.
This section rests unconformably on granite.

The Middle Cambrian section is represented by the

Flathead Sandstone, which is composed of poorly sorted,

medium- to coarse-grained sandstone. It has a variety of

pigmentations, and may appear dark yellow, brown, dark

red, or purple in the field. The formation forms low cliffs
where well indurated. The Flathead was deposited on a

paleotopographic surface cut in granite and metamorphic

rock with many meters of vertical relief. In Steffen Hill the
thickness of this formation is on the order of 20 m. Ex-

tensive growths of juniper may be found beneath cliff-
forming portions of the unit, marking the base of the unit.

The Middle Cambrian Gros Ventre Formation consists

of siltstone, sandstone, and limestone. The sittstone is

mostly sandy and includes some claystone. These rocks

weather olive-gray to maroon. The formation forms gently

concave slopes with thin ledges, prominently visible in

aerial photographs above the smooth dip slopes of Flat-
head Sandstone.

The Upper Cambrian Gallatin Formation is composed
of limestone and siltstone with a total thickness of about

130 m. Limestone in the upper part of the formation
weathers to a maroon color and commonly forms cliff

scarps. The middle section consists of limestone that
weathers pale yellowish-brown. The basal limestone forms

a cliff with flaggy bedding and weathers pale yellowish-

orange to pale yellowish-brown. On aerial photographs the

formation appears light grayish-brown and is distin-

guished by its contrast with the darker reddish-brown of
rocks in the Gros Ventre beneath. The formation forms

rounded slopes with resistant layers which are largely
devoid of shrub and tree cover except along stream courses

and on some dip slopes.

The Bighorn Dolomite is the only Ordovician formation

represented in the Paleozoic section at the Copper Moun-

tain test site. This thin unit is a light-gray dolomite weath-

ering yellowish-gray. Its thickness ranges from 10 to 15 m

throughout the area. The unit is a thin cliff-former, photo-

geologically nearly indistinguishable from the stratigraphi-

cally surrounding carbonate formations.

The Madison Limestone of Upper and Lower Mississip-

pian age consists of dolomite, limestone, and sandstone.

The dolomite and limestone beds weather yellowish-gray.
The sandstones form lenticular, thin, discontinuous beds.

The formation stands as a ledgy, gray-white, cliff-forming

unit with smooth debris-covered dip slopes and talus-

covered cliff slopes. These outcrops are largely devoid of
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Figure 9-21. Index map showing approximate areas covered by the NS-001 and M2S scanner images at Copper Mountain

The plan of the remainder of Section 9 is as follows:

First the application of the NS-001 scanner results to geo-

logic mapping problems will be described by presenting a

detailed comparison of published maps with interpreta-

tions based on the PC renditions for a selected area. Next,

based on informal studies by Thaden (personal communi-

cation, 1980), comparisons of the NS-001 images with the

geologic maps will be presented for 26 localities through-

out the Copper Mountain area. These will highlight

important statigraphic and structural problems encoun-

tered during the earlier mapping project (1967-1974) and

demonstrate how the scanner results both support or allow

elaboration of the published interpretations. Finally, the

distribution of oxidation effects in the granitic rocks will be

discussed, and these will be related to the uranium occur-

rences. Relations between the distribution of oxidation

and Tertiary and Quaternary paleotopography are pre-

sented to the extent that they can be established through
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maps. In other cases the images depicted units and bound-

aries not previously recognized. Fieldwork and examina-

tion of PFRS spectral reflectance data helped to explain
these new units.

Several problems were addressed in this fashion. Gen-

eral geologic mapping capabilities of the remote sensing
data were evaluated with the aid of detailed published

maps. The distribution of oxidation effects was studied and

mapped from the images, and related to distribution pre-

dicted by the genesis models. An attempt was also made to
determine the distribution of hematitic staining in the

granites. The geology of recent fans was studied using top-
ographic information and image data. The relationship of
oxidation to erosional surfaces was examined in an

attempt to elucidate the history of mineralization, tecton-

ics, and weathering. In all these studies, it was anticipated

that the remote sensing data would provide additional

information not depicted on published maps, and thus

help clarify problems related to uranium mineralization

and emplacement.

of oxidation will allow comparisons with geologic and phy-

siographic data that may contribute to the understanding
of these effects.

Image products used for interpretation consist of NS-

001 principal component (PC), M:S color ratio composite

(CRC), and M2S band-ratio density slice images. The raw

scanner radiance data, corrected only for atmospheric gra-
dient and some surface directional effects, have been used

in the images presented here. Scanner radiance values

have not been converted to equivalent ground reflectance.
It is shown in the Lisbon Valley, Utah, Uranium Test Site

Report, Section 8, Appendix A, and discussed by example
below, that for PC images, conversion to ground reflec-

tance is essentially unnecessary. PCs based on the covari-

ance matrix for the raw scanner data are largely free of the

modeled instrumental and atmospheric contributions. PC
transformations based on the correlation matrix with a

linear radiance-reflectance model are precisely free of
these effects.

X. Interpretation of Multispectral
Scanner Data

A. Introduction

The Bendix M_S ( 1 l-channel) and the NS-001 (8-channel)

aircraft multispectral scanner data have been used to study

the geology of the Copper Mountain area and to map the
distribution of oxidized granitic rocks both over the pedi-

ments at the foot of the mountains and throughout the

Canning Stock higher in the range. The areas covered by

these image data are shown in Figure 9-21. The NS-001

image data have an approximate surface resolution of
12.5 m, while the M2S data have a resolution of 11 m.

Eight geologic maps at a scale of 1:24,000 have recently
been published (Thaden, 1978, 1979, 1980a-1980e, 1981).

These maps afford a detailed basis for comparison of the

aircraft images and the mapped distribution of rock types.

Oxidation of the granitic terrain may be genetically lim-

ited to the origin of secondary (Tertiary) uranium

concentrations in the granites (Yellich et al., 1978). Pat-
terns of oxidation and/or surface weathering have a com-

plicated relationship to erosion surfaces in the granite and
to exhumed pre-Middle Eocene (pre-Wagon Bed) paleoto-

pography higher in the Canning Stock. The origin of oxi-

dation is not completely understood and may have

multiple (superimposed) causes. Both the NS-001 and M2S

image data may provide representations of these oxidation

effects that differ from the published distribution as given

by Yellich et al. (1978). The scanner-derived distributions

Band-ratioing is in general a nonlinear transformation
that results from scaling the radiance data for presentation

in image format (Section 8, Appendix A). Combined as

CRCs, the ratio data are difficult to interpret quantita-

tively. On the other hand, single-ratio density slices may be

interpreted quantitatively. The MzS single-ratio density

slices have been calibrated approximately by reference

to ground measurements to provide an index of iron

absorption-band strength as a function of digital number

(DN) or assigned color in a density-slice image.

The image data for both the NS-001 and M2S scanners

are presented as separate flight lines rather than mosaick-

ing the images together. These lines overlap by approxi-
mately 50 percent. Geometric control needed for careful

image rectification throughout the overlap regions tends to

be poor because of low surface relief. This has prevented

accurate adjustment of the overlapping image area to a

map base, and has complicated efforts to mosaic adjacent

swaths. More importantly, differing solar illumination and

scanner viewing conditions between flight lines give rise to

strong directional photometric effects. These effects relate
to shadowing at both macroscopic and microscopic scales,

and possibly to variations in surface reflectance properties

between north- and south-facing slopes. These latter varia-

tions arise from variations in lichen cover or vegetation

density from one slope to another. The separate flight lines

thus display important unique photometric directional
characteristics of the surface and must be accounted for in

any quantitative interpretation of the image data.
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interval preceded deposition of the Eocene Wagon Bed

Formation. After deposition of Wagon Bed sediments and

possibly during removal of these sediments in the Late
Miocene, additional lateral secretion of uranium from

granitic and possibly Tertiary sedimentary source rocks

occurred, leading to occurrences of mineralization that

locally transect the Tertiary-Precambrian boundary. Epi-

sodes of mineralization thus predate and postdate the mid-

Miocene surface-weathering event.

Hematite-rich fractures in fault zones sometimes extend

to the surface and may locally contribute to the iron-oxide

staining of surface rocks (Figure 9-10 shows a possible

example of this). Optically opaque iron-oxidation coatings

at the surface in the weathered zone tend to mask prop-

ylitic and argillic alteration effects which might otherwise

represent remote sensing targets of direct genetic sig-

nificance for uranium mineralization. Weathering appears

to predate emplacement of mineralization. RME geolo-

gists infer a genetic history for the deposit which consists

of four separate periods of mineralization but which, for

the purposes of this study, includes two essential parts. The

first episode occurs in pre-Middle Eocene time and corre-

sponds to the time period during which major surface
weathering was occurring. This episode accounts for about

one-half the mineralization present through leaching of

surface and subsurface rocks. The second period of miner-

alization occurs during the time when the Tertiary sedi-

ment cover was removed following renewed uplift in post-
Middle Miocene time. Thus the surface-weathered zone in

granites marks a portion of the source area for leached

uranium comprising the resource. Surface-weathering

effects in both granitic and sedimentary rocks are potential

targets for mapping on scanner images.

C. Relationship of the Hydrothermal Model to the

Remote Sensing Model

Mobilization and precipitation of uranium in the hydro-

thermal model of Shrier and Parry (1982) is accompanied

by alteration of plagioclase to sericite (Stage I) and to Na-

montmorillonite (Stage II). Oxidation of magnetite to

hematite may accompany uraninite precipitation in frac-
tured rock (Stage II). These mineral phases contain impor-

tant diagnostic spectral absorption features that might

serve as observable remote sensing parameters, and might

therefore act as potential guides to mineralization of
leached source rocks.

Granitic rocks adjacent to the deposits are oxidized
(weathered) at the surface as described above. This oxi-

dized horizon plays no role of genetic significance in the
hydrotbermal model. However, the presence of surface

weathering serves to mask the hydrothermal effects

described by production of clay phases (predominately

kaolinite) from feldspars and pervasive hematite staining

from the oxidation of magnetite, pyrite, and biotite.

Timing of the hydrothermal events described by Shrier

and Parry (1982) is not made clear apart from the necessity

that fracturing and brecciation provide permeability in the
model. Hence the mineralizing events are constrained to a

post-Laramide interval.

The hydrothermal model offers an alternate driving

mechanism for the motion of the mineralizing fluids.

Therefore a distinction between the gravity flow (super-

gene) model and the radioactive heat-driven (hydro-

thermal) model could presumably be made, provided the

spatial distribution of alteration were known. Thus the

supergene gravity flow mechanism would presumably be

horizontally stratified with higher temperature assem-

blages occurring at greater depth. In the hydrothermal

mechanism, which is driven by convection, the distribution

of alteration products would conform to the flow pattern

of mineralizing fluids under whatever temperature and

permeability conditions existed at the time of movement.
In this sense the alteration distribution might resemble

that occurring with circulation models imagined for por-

phyry copper deposits (Norton, 1982).

On the other hand, the supergene mechanism offers lit-

tle that allows its alteration products to be distinguished

from those of the hydrothermal mechanism or from effects
of ordinary surface weathering where the two alteration

zones physically intersect.

D. Approach

The remote sensing image data form the basis for geo-

logical, lithological, structural, geomorphological, and

spectral evaluations of the Copper Mountain test site. The
genetic models provide a possible group of surface features

that may be detectable from the images. In the remainder

of this section the analyses of the remote sensing data vis-

h-vis the problems and hypotheses presented by the mod-
els are described.

The image data were analyzed and interpreted by use of

overlays. Color boundaries were traced from the images
without reference to other data sources such as maps.

These interpretations were then compared with the geo-

logic maps, soils maps, etc., to identify the color units seen
on the images. In some cases, one-to-one correlations

could be made between the image interpretations and the

9-37



spectral resolution required to discriminate specific min-

eral assemblages that could be uniquely related to super-

gene enrichment, hydrothermal alteration, or surface

weathering processes. The presence of surface weathering

and lichen surface coatings are additional complications

for detecting hydrothermal alteration mineral assemblages.

Detecting and mapping iron-oxidation effects this way

should be very successful and be in many ways more effec-

tive than ground-based investigations. The spectral region

available, the scanners' radiometric sensitivity, the possi-

bility of digital manipulation of the data, and the complete

areal coverage are advantages not available to a field

mapper.

There is an empirical association between the pervasive-
ness of iron-oxidation effects and local uranium occur-

rences at Copper Mountain. Iron oxidation of Archean

granite appears to be a necessary" but not sufficient condi-

tion for ore occurrence in localized areas. This implies that

the remote sensing tools may lead to errors of commission,

but very few to errors of omission. This is an important

capability that can greatly assist in devising a regional
exploration strategy.

B. Relationship of the Supergene Model to the

Remote Sensing Model

Figure 9-20 summarizes the geologic relations discussed

previously. Uranium in the North Canning resource is

found in fractured and crushed zones in the granites, in
association with blocks and inclusions of metasedimentary

rocks, such as biotite-hornblende schists and amphibolite.

Rocks in crushed zones have been subjected to Now-

temperature propylitic and argillic alteration in which bio-

tite and hornblende are altered to chlorite, and feldspars

are altered to clay. Hematite is present on fracture sur-

faces, particularly in strongly crushed rock, and is pro-

duced by alteration of pyrite through the uranium
deposition process. The mineralized zones are covered by

Tertiary sediments and are not exposed as remote sensing

targets. Surface outcrops of the granitic rocks are weath-
ered and stained with hematite and limonite; these out-

crops represent loci beneath which uranium enrichment

may have existed at one time. The interval of surface

weathering is associated with percolation of oxidizing
meteoric waters into the subsurface. These waters were

probably uranium-bearing, but may also have served to

leach preexisting accumulations at depth. The weathering
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Figure 9-20. North Canning prospect hypothetical cross section through weathered-altered layer (modified from Yellich el al., 1978)
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Figure 9-19. Analysis, using a differential spectropholomelric method, of the subsfrate and surface iron-oxide�hydroxide coafings of aJfered

and unaltered granite at Copper Mountain. The curves marked "coating" are offset relative to the surface and substrate curves, and should

be examined only for the shapes of spectral leatures.

these low-temperature hydrothermal suites have spectral
features similar to those of ordinary rock-forming min-

erals. In the Copper Mountain area, these alteration suites

have been discussed only for the granitic and metamorphic
rocks at depth and have not been mapped at the surface.

The apparent lack of identifiabte surface exposure due to

the presence of surface coatings is another strong limita-

tion on the application of scanner methods to mapping of

these alteration types. Emphasis in this study is therefore

directed to the mapping of iron oxides and weathering/
alteration distributions.

IX. Remote Sensing Objectives, Models,
and Approach

A. Introduction

Remote sensing methods are used to map surface cover

conditions and to relate these conditions to the geology
and mineralization of the test site. The tools that are avail-

able can be used to detect variations in iron staining, clay

abundance, geologic structure, and extent of green veg-

etation cover. The airborne scanners may not possess the
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Figure 9-18. Elfects of lichen cover on spectral reflectance of granite rocks

Table 9-8 shows that biotite, chlorite, and epidote con-

tribute broad, intense absorption bands which possibly
extend between 0.6 and 1.8 t_m and are due to Fe _2, and

additional weak structures at 2.25 and 2.35 ttm which are

due to water or hydroxyl absorptions. Montmorillonite

produces a well-defined band near 2.20/_m that is clearly

resolved in the analyses. An additional structure, which is

of uncertain origin, is also present at 2.30 t_m. No distinct

bands due exclusively to hematite or goethite can be
identified.

b. Altered granite substrate. In Figure 9-19(b) the sub-
strate spectrum below 1.9 _Lm is similar to that for unal-

tered granite (Figure 9-19a), with iron absorption bands

probably resulting from the presence of mafic minerals.

Two bands at 2.20/_m and 2.31 t_m are resolved that may

be contributed by montmorillonite and possibly a ferro-

magnesian (amphibole?) mineral.

The substrate reflection spectra of Figures 9-19(c) and

9-19(d) are fundamentally different from those shown in

Figures 9-19(a) and 9-19(b) because they lack the promi-

nent absorption bands near 1.0 t_m attributed to ferrous

iron in the ferromagnesian minerals. In addition, these

spectra (Figures 9-19c and 9-19d) show prominent struc-

tures near 2.3 ttm that are not present in the spectra of the

surface samples. The interpretation of these absorptions is

incomplete. Possibly they arise from the presence of an

amphibole, a mineral type displaying strong absorptions at

this and longer wavelengths (Hunt and Salisbury, 1970,

p. 289-290). If so, the amphibole is iron-free or does not

otherwise contribute absorptions at -- 1.0/_m. In any event,
the substrate spectra indicate an apparent intense altera-

tion or removal of the dark minerals present in these sam-

pies, together with a masking effect for some absorption
bands.

c. Surfiwe coatings. The differential spectra of surface

iron-oxide/hydroxide coatings shown in Figure 9-19 sup-

port, in general, interpretations that could be obtained by
analysis of the surface sample reflectance directly. The

sample with yellowish pigment (Figure 9-19b) has an

absorption band at 0.9 ttm, indicating the presence of limo-

nite/goethite, while samples with reddish pigment (Figures

9-19c and 9-19d) display minima near 0.85 _m, indicating

the presence predominantly of Fe20 ,, but possibly small

amounts of goethite/limonite as well (Figure 9-19c). The

prominent HOH absorption at 1.9 /xm routinely appears
inverted in the surface coating spectra. The inversion

occurs because the water band is deeper in the substrate

(reference) spectrum than in the surface sample. This too

indicates the unmasking of this spectral feature, which is

possibly associated with clay, by the removal of surface

pigments.

3. Summary. Iron-oxide pigments (hematite/goethite or

limonite) mask the reflectance properties of altered rocks

present at the surface. The observation of propylitic, argil-
lic, or possibly potassic alteration using scanner data is

hindered by the presence of such coatings. In addition,
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Figure 9-17. PFRS vegetation reflectance speclra for some plant

types in the Copper Mountain area

Figures 9-17(e) and 9-17(f) show the field spectral

reflectance of green and black lichen. These spectra resem-
ble those of dead grass above, but with lower overall

albedo. In particular the green lichen (Parmelia (?) sp.)

does not show a well-defined chlorophyll band. Possibly
this reflects a dormant state of the lichens during the time
of field observation.

D. Masking Effects of Surface Coatings

Both plant cover and optically opaque iron-oxide pig-

ments serve to mask the presence of underlying substrate
materials. Studies of the distribution of hydrothermal

alteration using the scanner data require measurements of

the distribution of mineral species quite distinct from the

distribution of iron oxidation. Iron-oxide leaching experi-

ments were performed on the oxidized and unoxidized

granitic rocks using the dithionite-citrate extraction

method (Conel et al., 1978). The leached samples were

used in the spectrophotometer to define the nature of the

oxide pigments, to determine the spectral properties of the
rock substrate, and to illustrate the masking effects of the

colored pigments.

1. Effects of lichen cover. Lichens form optically thick

(opaque) coverings of the surface that contribute their own

diffuse components to the macroscopic reflectance. The

spectral reflectance of a partially covered surface is made

up of the reflectances of the components, each weighted

according to areal abundance (Lisbon Valley, Utah, Ura-

nium Test Site Report, Section 8, Appendix E). Figure

9-18 shows the field-acquired PFRS spectral reflectance

curves of bare unaltered granite and a granite obtained

with a partial covering of green lichens (35 percent esti-
mated surface cover). In the region below 1.2 #m, the sur-

face reflectance is decreased by the presence of a lichen

cover, and the Fe _3 absorption band at _0.9 ttm is

decreased in prominence. Beyond 2.0/_m, the lichen cover
decreases the reflectance over that obtained for the

exposed surface and introduces an absorption feature near

2.2/zm, possibly from clay particles washed or wind blown
into the lichen layer.

2. Effects of iron-oxide/hydroxide coatings. The dithio-
nite-citrate extraction method was used to remove hema-

tite and goethite/limonite coatings from granitic samples.

Pigment-free samples were subsequently examined to

study the spectral reflectance of the substrates and the
coatings themselves. The reflectances of the uncoated sub-
strate and the natural surfaces were obtained directly in

the spectrophotometer. The reflectance spectrum of the

coatings was obtained using a differential method in which
the uncoated substrate replaces halon as the reflectance

standard in the spectrophotometer (the natural surface

spectrum divided by the uncoated substrate spectrum

equals the coating spectrum). Figure 9-19 presents an anal-
ysis of this type for four specimens of the altered and unal-

tered granites at Copper Mountain.

a. Unaltered granite substrate. Spectra of the surface and

substrate samples given in Figure 9-19(a) are quite similar,

reflecting the sample's low degree of oxidation coating.

The principal absorption features result from the presence
of biotite (and possibly epidote or chlorite), a clay mineral

(possibly kaolinite), and a residual iron oxide, perhaps res-
ident in K-feldspar.
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in reflectance below approximately 0.72 _m. Other, less

intense absorption bands are due to structural and
imbibed water in the plant mass. The general values of

reflectance throughout the spectrum depend upon the spa-

tial density of green material, the vigor of chlorophyll-

producing parts, the water content, the leaf geometry and

arrangement, shadows, the visibility of the stem or branch

structure, and possibly the nature of the rock or soil
substrate.

b. Senescent grass. Dead or senescent plant materials

(Figure 9-17d) do not have chlorophyll absorption bands.

The spectrum instead is characterized by a gradual rise

through the chlorophyll absorption region, probably
related to the presence of tannins or carotenoid pigments.
In addition, the reflectance between 1.4 to 2.4 #m is
increased because of a decrease in or absence of the water

and OH absorption present in this region in green plants.

Also, the open structure of the grass clumps may catch

windblown or water-washed materials that contribute to

the reflectance properties. Thus weak Fe _3absorption fea-

tures may be present below 0.6 _m in this spectrum. Clay

absorption bands at 2.22/_m are present as well.

c. Lichens. Several genera of crustose and foliose

lichens (Parmelia sp., Cladonia sp.) have been tentatively

identified in the Copper Mountain area (B. Rock, personal

communication, 1982). No systematic study of the taxon-

omy has been made, and it is possible other types are pres-
ent as well. In the field these plants may form dense,

multicolored mats on outcrops, completely dominating the

surface reflectance properties. While lichens can appear

strongly colored in the field, the spectral reflectance may
not be demonstrative of this. Lichens freshly cultivated in

water baths in the laboratory and in bloom possess, in

addition to water, strong absorption bands from the chlo-

rophyll and other pigments present.
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Figure 9-15. PFRS reflectance spectra of some granitic rocks,

metasediments, and Tertiary sediments from the Copper
Mountain area

present are due to this mineral. These include a broad

absorption band between 0.8 and 1.8 ym due to Fe '-_, as

well as a weaker, narrower band near 2.35 p,m resulting

from OH(?) or Mg-O-H(?) absorption (Table 9-8). An

additional absorption band, not reported by Hunt and Sal-

isbury (1970), can be seen at 1.70 ym. The precise origin of

this structure is in question, but it may represent another

OH absorption not obtained with laboratory samples, and

arising because such samples have a strong preferred crys-
tallographic orientation (Hunt and Salisbury, 1970, p. 291,

discuss this problem).

d. Tertiary sediments. The Eocene Wagon Bed Forma-

tion is mostly composed of light-buff, clear, and pale-green

tuffaceous mudstone, and isolated, thin, yellow and red

silty mudstone beds. The reddish Wagon Bed strata may

appear similar to altered granite rocks in some renditions

of the multispectral scanner data, but in general the higher

albedo of these Tertiary rocks, together with the geologic

relations, should permit distinction of the two in scanner

data, provided the spatial resolution is great enough.

Figure 9-15(f) is an example of yellow-stained siltstone

facies from the Wagon Bed Formation. The generally

higher reflectance of this sample site compared to sites in

the igneous and metasedimentary terrain is evident. The

spectrum is characterized by strong Fe _ absorption in the

ultraviolet, visible, and near-infrared regions, i.e., below
0.8 ym, and by a shallow band centered near !.0/_m but

extending from 0.8 ym to perhaps 1.6 #m in the near

infrared. Shallow bands in the 2.2-/_m region indicate the

presence of a small amount of clay in the surface layer.

2. Spectra of vegetation cover lypes. Figure 9-17 pre-

sents examples of the field spectral reflectance of impor-
tant vegetation species in the Copper Mountain area.

Evergreens, deciduous trees, shrubs, grasses, sedges, and

annuals make up a diverse and highly variable vegetation

cover throughout the area. In addition, lichens are a signif-

icant rock covering that may approach 100 percent locally,

especially over north-facing rock outcrops. The amount of

green leafy matter present in the vegetation cover is sea-
sonally dependent. In addition, wildlife and cattle may'

graze on these plants. A complete spectral characterization

of the vegetation cover is not feasible, but a few examples

of reflectance spectra will serve to illustrate the nature of

the spectral contributions introduced by photosynthetic

and senescent plant cover in the macroscopic surface
reflectance.

a. Green shrubs, trees, and grasses. Figures 9-17(a)

through 9-17(c) give the reflectances of A rtemisia uqden-

tara, Juniperus osteosperma, and Bouteloua gracilis (?),

which are three important plant cover types. A detailed

interpretation of the absorption bands present in green

plants has been given in the Lisbon Valley, Utah, Uranium

Test Site Report, Section 8, and is summarized here. The

green plants are all characterized by prominent chloro-

phyll absorption bands which contribute to the steep drop
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Table 9-8. Important spectral reflectance features for propylltlc alteration and rock-forming
minerals Ior the Copper Mountain site

Generalized Chemical
Mineral

Formula

Spectral Features _

Absorption Band Assignments, ,am

Features (Band Strength) t'

Kaolinite c AI2 Si205(OH), _ Fe s 2 0.97(w), 0.5(w)

OH 1.4(vs), 1.9(w)

OH(?) 2.325(w), 2.38(w)
A1-O-OH 2.16(s), 2.2 I(vs)

Montmorilhmite' (AI, Mg, Fe)4(OH), _ Fe *2 _0.5(w)

(Si, AI, Fe)sO2i I n(OH). HOH 1.15(w), 1.41(vs), 1.90(vs)

6H,O A1-O-H 2.20(s)

Epidote d Ca2(AI, Fe)AI20 Fe +2, Fe" 3 0.41(w), 0,47(w), 0.6(w),

OH(Si Od(SiO4) I.O(ms)
OH 1.4(vw), 1.54(w), 1.85(w),

1.9(vw)
HOH, OH 2.14(w), 2.25(m), 2.34(vs)

Chlorite _ (Mg, Fe)5(AI, Fe z _)2 Fe_ _ <0.4(vs), 0.7(m). 0.9(m)

Si _Oi0(OH)s Fe + : 1,0-1. l(vs)
OH 1.4(w), 2,0(m), 2.14(vw),

2.26(s), 2,355(s)

HOH 1.9(w)

Muscovite KA 13Si_Olr (OH)_, Fe _-' 0.44(w), 0.9(w)

(sericite) a K 2AI4(Si_AI_O2_) OH I. 15(w), 1.4(s), 1.9(vw),

(OH, F)a 2.18(vs), 2.32(vs), 2.42(vs)
AL-O-H(?) 2.18(vs)

Biotite _ K(Mg, Fe) AISi_O, Fe ", Fe +_ 0.6-1.8(vs)

(OH): OH(?) 2.12(vw), 2.22(vw),
2.3 l(w), 2.37(vw)

Microcline J (K, Na)AISi_O s Fe +_ <0.55(vs), 0.9(m)
OH 1.2(w), 1.45(w)

HOH 1.95(s). 2.33(m)

Hematite _'_ l-ezO _ Fe' _ 0.85(s), 0.67(m). 0.5(vs)
"Fi_4 1.6-1.7(ms)

Goethite/ FeO(OH) Fe +3 0.9(s)

Limonite" OH 1.4(s)

HOH 1.9(s)

_Locations and strengths of absorption features obtained with Beckman 5240.

r'Band assignments from references cited. Abbreviations used for band strength are: vw = very weak,

w = weak, m = moderate, ms moderately strong, s = strong, and vs -- very slrong.

_Identification of spectral features from Hunt and Salisbury (1970).

Jldentification of spectral features from Hunt et al. (1973).

qdentification of spectral features from Conel et al. (1978).
tldentification of spectral features from Hunt et al. (1971).

result from alteration of pyrite and is thought to accom-

pany uraninite deposition (Bramlett et al., 1980). The spec-

trum is characterized by an intense absorption band that is

due to Fe +_ and is located at 0.9 t_m, and by the usual

strong ultraviolet and visible absorption bands that give

rise to the reddish color. The position of the major elec-

tronic absorption at 0.9 gm indicates that a probable mix-

lure of hematitic and limonitic/goethitic phases is present.

The spectrum contains an additional, moderately strong

absorption feature near 2.1 /ml, which is possibly due to

clay minerals present.

c. Metasediments. Figure 9-15(e) shows a typical reflec-

tance spectrum for biotite schist, which is a major rock

type comprising the belt of metasediments bounding the

North Canning Stock to the northwest and to the north.

The spectrum is typified by low overall reflectance. The

rock is biotite-rich and all of the major absorption features
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An examination of the lithologic sections for the NURE

drill cores discloses that the oxidized granitic surface layer

is absent beneath the covering Wagon Bed section (Twb in

DH-I and DH-5, Figure 9-14). This supports the view dis-

cussed elsewhere that the oxidation may have been

removed by erosion or was never developed on rock sur-

faces along the pre-Eocene paleodrainages at these sites.

VIII. Spectral Reflectance of Cover Types

A. Introduction

The visible and near-infrared reflectance (0.45 to

2.5/_m) properties of rock and vegetation materials at the

Copper Mountain test site are presented here. Surface

reflectance properties have been studied in two ways:

(I) Field spectral measurements have been carried out

using the JPL Portable Field Reflectance Spectrome-

ter (PFRS), which operates throughout the spectral

region of 0.45 to 2.5 _m. It measures bidirectional
reflectance of a 200-cm 2 area of the surface, with a

spectral resolution ()_/_)_) on the order of 100. The

spectral regions of 1.3 to i.5/zm and 1.75 to 2.0/_m

are excluded from the field spectral reflectance

curves because of strong atmospheric water extinc-

tion. Reflectance spectra were obtained at surface

locations throughout the Copper Mountain area

during the summers of 1978 and 1979.

(2) Laboratory spectral reflectance measurements were
made using the Beckman DK2A and Beckman 5240

Spectrophotometers on field-acquired samples from
the PFRS measurement locations. Both of these

instruments measure hemispherical reflectance and

can cover the spectral region of 0.4 to 2.5 _tm. The

standard procedure is to measure reflectance of

powdered samples (<0.49 mm particle size) rather

than surfaces. The laboratory data are ordinarily
used for more precise interpretation of absorption

features observed in tbe field spectra, and no precise

photometric comparisons are intended.

B. Spectral Properties of Alteration and Other

Rock-Forming Minerals

Table 9-8 records the band positions and strengths of

spectral reflectance absorption features for the important

alteration and rock-forming minerals described in the dis-

cussion of models (Paragraph VII). The spectral data sum-

marized in Table 9-8 were taken from reflectance spectra

of standard laboratory samples. (Examples are presented
below of the reflectance of some rock types at Copper

Mountain.) Examples of the reflectance spectra for min-

erals of these types may be seen in the references cited in
Table 9-8.

C. Field-Acquired Spectral Reflectance
Measurements

1. Spectra of rocks. Figure 9-15 presents examples of

the PFRS-acquired spectral reflectance data of altered

(weathered), unaltered (fresh), and hydrothermally (?)

altered igneous rocks, metasediments, and Tertiary sed-

imentary rocks from throughout the Copper Mountain site

(Figure 9-16). These examples do not exhaust the varia-

tions present in the exposed rocks but do serve to illustrate

many of the absorption features, the magnitude of the

effects, and the (maximum) differences between groups.

Below results are presented dealing specifically with the

oxide coatings and their masking effects on the substrate

igneous mineralogy as these may apply to the detection of

propy/itic (?) alteration in the area.

a. Unaltered granitic rock. Figure 9-15(a) shows the

spectrum of unaltered granite. The spectrum is character-

ized by a relatively strong absorption band in the visible

and toward the ultraviolet present below 0.6 _m, which is

typical of Fe _3. A broad, weak band centered near 0.9/Lm

and also due to Fe __ is the only additional absorption

band present. These features reflect the low degree of sur-

face weathering, the small amount of iron-oxide pigment

present in the surface skin, and the absence of identifiable

(clay) alteration of the microcline feldspar in the substrate.

A portion of the 0.9-/tm feature may arise from Fe" in the

K-feldspar.

b. Altered (weathered) granite rocks. Figures 9-15(b)

through 9-15(d) are examples of the reflectance of oxidized

rock. The principal features of Figure 9-15(b) between 0.4

and 1.2 tLm are all due to Fe", probably in a mixed [imo-

hire/hematite assemblage. The iron-oxide features include

a very strong band below 0.6 _tm, a weak, poorly defined

absorption band near 0.65 _Lm, and a broad, moderately
intense band with the center near 0.85 to 0.90 _m. At

2.20 /_m a moderately intense band due to montmorillonite

or kaolinite may be seen.

Figure 9-15(c) shows the reflectance spectrum of a heav-

ily weathered, yellowish-stained rock typical of most out-

crops throughout the pediment area. Between 0.4 and

1.2 ttm the absorption features are due to Fe _'. This spec-

trum, however, shows a very broad, intense absorption

band spanning the interval between 0.8 and 1.2 _tm, with
the band center near 1.0 _m. A band at 2.20 tzm of moder-

ate intensity is also present and represents clay.

Figure 9-15(d) is an example of "hematite" red-staining
found in association with fracturing in the granitic rock.

This type of pigmentation in such structural settings may
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Drill Hole

Dtt-I

DH-2

DH-2

DH-3

DH-3

DH-3

DH-4

DH-4

DH-4

DH-5

DH-5

Table 9-7. Copper Mountain core analysis for the NURE drill holes

Sample Description I)eplh, ft

Fresh gneissic monzonite. K-feldspars altering to clay. Gray, 350-360

powdery zones of S. FeS>, magnetite, pyrite.

Fresh gneissic Ag, hematite-montmorillonite stains on 335 344

fracture surfaces. Near horizontal joints with dark-red iron- 398-407

oxide alteration of secondary biotite plus green

montmorillonite-chtorite alteration.

Highly altered, powdery, gray-green rock, serpenlinized. 23t-241

plus a sample of fresh monzonite with biotite, microeline,

and plagioclase.

Lighdy altered monzonite with micr¢_'line and plagioclase 275 288

and a marie mineral. A trace of iron oxide occurs as small

(0.25-in. diameter) aureoles.

Highly altered, gray monzonitc v,,ith much microcline and 460 468

several black quartz crystals v,'eathering out of matrix.

Ag. Lavender, white, orange, dark-red alterations. 29 34

Albitization evident,

Relatively fresh Ag plus limonite alteration. Red-oxide 645

coating and schlieren of crushed, altered, black mineral on

fracture surfaces,

Highly altered, albitized Ag from fault zone Fractures lillcd 275

with thick (0.25-in.) layer of oxidized biotite (red) honks.

Limonitic stain on rock. Higher gamma counts (750 to 900

counts:'sl.

Fractured Ag. Slickensides with montmorilloniteon 494 503

surfaces. Gneissic banding with pyrite crystals, llighly

altered marie dike section. Yellow halos (hematite) wilh

magnetite centers and finely disseminaled pyrite through the

area

Biotite-hornblende schist, Slickensides as above, 520 528

X-Ray Diffraction Analysis

Gray, powdery zones = pyrite, magnetite

Yellow halo = hematite.

Clay = kaolinite,

Red deposits - hematite.

Green alteration on joint surfaces = montmorillonite

Major thuringite (chlorite), microcline (intermediate),

montmorillonite-chlorile (tosudite). and secondary albite

(low), Minor quartz.

Major albite and microcline. Minor quartz, thuringite

(chlorite). Very minor tosudite, enstatite, and fa_alite

(olivine). Trace of hematite and chromite

Very major tosudite Major thuringitc and microcline. Very

minor albite and antigorite. Trace of chromite,

Lavender alteration - hematile, monlmorJllonite-chlorile

mixlure,

White alteration - kaolinite.

Red alteration - poorly crystallized hematite.

Black mineral on fractures serpentine, montmorillonite

(traceL

Cla_ alteration in rock _ monlmorilhmitc,

Trace amounts of pyrite.

Marie dike - montmorillonite, biolite, hornblende,

and calcite.

Yellow halo : poorly crystallized hematite,

Euhedral dark gray crystals magnetite.

Biotite, hornblende, antignrite, and montmorilk)nite
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Figure 9-13. Geologic map of the Canning-Fuller area at Copper Mountain showing locations of NURE drill holes (solid circles). Numbers 1

to 5 correspond to drill holes DH-1 to DH-5 in Table 9-7. Hachured areas are approximate outlines of Fuller (left) and Canning (right) ore

bodies as determined by RME exploralion drilling. Geologic units are as follows: Ag = Archean granite, Twb = Wagon Bed Formalion,

Qg = gravel, Qoa = older alluvium, and Qal = alluvium. (Geologic boundaries from Thaden, 1980b, 1980d.)
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the granite produced syngenetic enrichment in ben-

tonitic mudstones and basal conglomerates of the

Wagon Bed Formation (Bramlett et al., 1980). The

present distribution of these zones of enrichment

reflects the present distribution of impervious Ter-

tiary cover at the surface.

B. Hydrothermal Ore-Genesis Model

An alternative hydrothermal mechanism of origin for

the North Canning mineral body has been proposed by

Shrier and Parry (1982). In this model, oxygenated meteor-

ic waters reacted with overlying Paleozoic and Mesozoic

sediments to develop a low pH environment. These fluids

subsequently filtered into fractured granite, and concen-
trated uranium in solution by reaction with biotite, feld-

spar, and magnetite. Formational waters circulated

convectively due to the heat generated through radioactive
decay of potassium, uranium, and thorium. Reactions

involved with wall-rock alteration are inferred to have pro-

duced conditions favoring uraninite precipitation and sta-
bility. The most important of these reactions reduced

oxygen fugacity, inducing the precipitation of uranyl spe-
cies as uraninite. Uranium mobilization was accompanied

by a regional (Stage I) alteration event. Modification of the

solutions by alteration reactions with wall-rock materials

(Stage II) led to the precipitation of uranium. These stages

of alteration differ in timing and mineralogy from those

identified by Kendall et al. (1980) and by Bramlett et al.
(1980) and are as follows:

Stage I: Wall-rock alteration of granitic rocks occurs

with plagioclase being altered to sericite, plagioclase and

biotite being replaced by epidote, and biotite being par-

tially altered to chlorite. Magnetite is altered to hematite

and hydrous iron-oxide phases along fractures, but is

fresh elsewhere. Metasedimentary xenoliths and pri-

mary microcline remain unaltered. Secondary or altera-

tion K-fcldspar may occur in some samples, with K-

feldspar replacing plagioclase. Healed fractures in

quartz grains contain fluid inclusions; analyses of inclu-
sions imply a filling temperature of 140°C. Identical

alteration is described in other granites exposed

throughout the range (Gliozzi, 1967), suggesting a

regional event; but based on fluid inclusion

homogenization the event is too low in temperature to

represent fluid circulation at the timc of magma crystal-

lization as was suggested by Gliozzi (1967) and Nkomo
et al. (1978).

Stage II: Uranium deposition in the resource is

accompanied by the filling of fractures with white to

green montmorillonite, and with local hematite staining

and kaolinite development. Breccias arc typically

bleached of iron staining. The matrix, dominantly Na-

montmorillonite, is also bleached of iron staining. Pla-

gioclase is altered to K-feldspar, which floods the matrix

in places.

The fracture and breccia alteration of Stage II postdates

the Stage I event. Fragments of Stage I altered granite are

found in breccias, and Stage II fractures displace healed

quartz fractures of Stage I origin. Fractures with iron-

oxide staining and iron-hydroxide filling are most com-

monly mineralized. Breccia mineralization is not accompa-

nied by iron staining, and such staining therefore can have

no relationship to mineralization in these zones. In frac-

tures, pyrite is not found in association with iron oxides. In

breccia, trace pyrite occurs intimately with uraninite.

Many reactions can be devised that lead to uraninite

precipitation (Shrier and Parry, 1982). Among the possibil-

ities is oxidation of magnetite according to the scheme:

2Fe304 + UO2(CO_)22 -_ 1/20, _> UO 2 _- 3Fe,O_ + 2CO_ 2

which leads to association of uraninite and hematite. Sul-

fide solution species may have acted as reducing agcnts,

precipitating uraninite and pyrite together according to:

Fe_2 + 2H:S + UO:(CO,)2 2 _ UO, + FeS, + 2H,CO_

thus accounting for the observed association of these two
minerals.

C. Analysis of NURE Cores

As described above, the various forms of the supergene

genetic models proposed by Yellich et al. (1978) and

Bramlett et al. (1980) and the hydrothermal genetic model

of Shrier and Parry (1982) produce distinctly different
suites of minerals in both the source and host rock mate-

rials. Core samples from five drill holes, which were sup-

plied by the Bendix Field Engineering Corporation and

obtained in 1978 as part of the NURE program (Figure

9-13), have been analyzed as part of the present study.

These analyses are presented in Table 9-7. The mineralo-

gies observed generally are those described by Shrier and

Parry (1982). The distribution of NURE drill tests is sparse,
and thcre has not been an opportunity to examine cores

obtained from other parts of the deposit by RME geolo-

gists. Evidently the purported alteration products are

diverse throughout the mineralized and surrounding

zones. Reconciliation of these differences and the sorting

out of consequences for different models must await future
studies.
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(2) Deposits of sediment and volcanic ash (carrying 8 to

21 ppm uranium) were laid down, covering the

entire mountain range between mid-Eocene and

mid-Miocene time, burying the granites, and pre-

venting further circulation of meteoric waters to
mineralized zones at depth.

(3) Erosion following late Miocene uplift stripped away

the Tertiary sedimentary cover and again exposed

the granites. During this interval the bentonitic sedi-

ments, together with the granites, were again acces-
sible for uranium leaching and redeposition in the

deposit, providing a second important episode of
uranium enrichment.

A key element of this model is the presence of corrosive

formational fluids, including chloride brines, derived from

Paleozoic and Mesozoic strata at depth. These fluids, free

to migrate in brecciated zones of the granites, both leached
uranium from and altered the rocks through which they

circulated by chloritizing biotite and hornblende. They
also liberated excess Fe _2 from both ferromagnesian min-

erals in granites and metamorphic rocks, and supplied H2S

from depth to form pyrite on fractures.

Leached uranium is probably transported in solution as

uranyl dicarbonate (Garrels and Christ, 1965). Reduction

and precipitation are thought to occur by reaction with

pyrite according to the following scheme proposed by R.

Honea (personal communication, 1973):

2FeS 2 + UO2(CO3)2. H20 + 18H20 --_ UO2_ '

+ Fe203,l, + 4SO42 + 2HCO s + 36H + + 26e

Thus deposition of uranium is pictured to be accompanied

by the destruction of pyrite and by the precipitation of
hematite.

The mechanism involving mixing reducing waters from

deep sources and surface-derived oxidizing waters to pro-
duce biotite alteration and uranium dcposition operatcd

widely and accompanied progradation of sediments over

the range in post-Early Eocene time. Migration of surface-

oxygenated waters into the granite was prevented by thick

Tertiary sediment accumulation. At the same time deep
formational waters were confined to granitic rocks beneath

this impermeable sediment blanket. These fluids migrated

along the Tertiary-Precambrian interface as a route of

higher permeability. Only at the edge of the sediment
cover were surface and subsurface waters mixed to pro-

duce supergene mineralization. This implies a distribution
of uranium mineralization wider than there is at present,

beneath a once considerably more extensive Tertiary sedi-

ment cover that has been removed by erosion since the Pli-

ocene. Uranium subjected to this episode of regional

erosion was remobilized by meteoric waters and deposited

elsewhere. The present distribution of deposits reflects the

protection of these areas from the infiltration of oxidizing

water during post-Pliocene time by the Tertiary blanket of

impervious sediments.

Quantitative estimates of the uranium potentially avail-

able from granitic and Tertiary sediment sources are based

on delayed-fission neutron assays of uranium concentra-
tion (Bramlett et al., 1980). The average uranium content

of unleached granite is 25 to 40 ppm, and in unleached

Tertiary sediment sources, ! ! to 33 ppm. Uranium content
in leached granite is il to 21 ppm and in the Tertiary

rocks, 8 to 25 ppm. The available leached uranium is thus

14 to 19 ppm from granite and 3 to 8 ppm from Tertiary
sediment.

The role of the Tertiary cover as an actual source of ura-

nium is speculative. Bramlett et al. (1980) depict the role of

sediment cover to be predominantly that of impeding infil-

tration of oxidizing meteoric water. The low permeability

of this clay-rich formation and its stratified nature suggests
lateral rather than downward percolation of surface-

derived water.

To summarize, formation of the North Canning deposit

by supergene enrichment proceeded in as many as three

important episodes:

(I) Post-Paleocene uplift provided structural prepara-
tion and exposure of granitic rocks to erosion and

leaching. During this supergene enrichment period,

the pre-Wagon Bed exposed granitic surface was
weathered (oxidized), biotite was chloritically

altered, and feldspar weathered to clay. Material
balance calculations by RME geologists suggest that

approximately one-half the total accumulation pres-
ent at North Canning occurred during this episode

(Reyher, personal communication, 1981). On the
other hand, Bramlett et al. (1980) believe the major

portion occurred in this interval.

(2) Burial of the granitic terrain by rocks of the Wagon
Bed Formation occurred, covering the weathered

surface and sealing the mineralized horizons from
further remobilization.

(3) Renewed post-Middle Miocene removal of Tertiary

cover reexposed the granite. Enhancement of the

accumulation by leaching of the bentonitic sediment

cover and granite occurred (Kendall et al., 1980).
Lateral secretion of uranium from accumulations in
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Figure 9-9. Weathered, hematite-stainedgraniticoutcrops, Copper
Mountain site (SW 1/4, SE 1/4, Sec. 33,T40N, R92W)

Figure 9-11. Chip samples from an explorationdrill hole penetrat-
ingthe weathered horizon (SW 1/4, Sec. 29, T40N, R92W). Sample
intervalis 1.5 m (5 It). Sample from the top of the hole is indicated.
White materials are unoxidizedgranite at depth.

Figure 9-10. Cut exposingweathered layer ingranites (SW 1/4,
Sec. 29, T40N, R92W). Note red hematitic stainingalong fractures.

VII. Models of Ore Deposition

A. Supergene Ore-Genesis Model and Relationship
to Surtace Effects

Models of ore genesis for the North Canning uranium

resource at Copper Mountain have been presented by
Bramlett et al. (1980), Kendall et al. (1980), and Ycllich et

al. (1978). Bramlett et al. present the infi_rmation that is

contained in Kendall et al. as well. Similar ore-genesis

models are thought to apply to both the Canning and adja-

cent Fuller accumulations (Reyher, personal communica-
tion, 1981).

The genetic model proposed by Yellich el al. (1978) that

reflects the entire geologic history of the Owl Creek Uplift

is represented schematically in Figure 9-12. Uplift and

locally intense faulting and brecciation commenced in

Paleocene time, accompanied by movement of corrosive
meteoric and formational fluids that attacked accessible

sedimentary and granitic rocks. Alteration was confined to

regions of high fracture-density along which fluids could
circulate. Corrosive meteoric waters acted to leach ura-

nium from sediments and granitic rocks and to oxidize the

granitic rocks al the surface. Uranium precipitation

occurred in fractured ground at places where upward-

migrating (reducing) solutions mixed with downward-

migrating (oxidizing) waters from the surfiice.

Kendall et al. (1980) pieced together elements of the

geologic history and identilied important sources of ura-

nium contributing to the deposit. Two source rocks, gran-

ites and bentonitic sediments, were recognized, together

with several periods of mincralization:

(1) Precambrian granitic rocks carrying large quantities

of primary uranium (25 to 40 ppm) were exposed in

the mountains during early and mid-Eocene time,

following post-Paleocene uplift and faulting. At this

time, the granite was leached of uranium, and the

uranium both carried basinward and deposited

h)cally in breccia zones ahmg faults. This interval

corresponds to the major period of mineralization

described by Yellich et al. (1978), and to the devel-

opment of major pre-Eocene weathering surfaces
along pediments at the base of the mot, ntains.
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(1) Regolith-type weathering is present in granitic rocks

to a depth of several meters beneath the Paleozoic
Precambrian unconformity. On exposed surfaces the

granites are iron stained and friable to crumbly. Pits

dug beneath the surface-weathered cover show the

granite to contain chalk-white, kaolinized feldspar

and bright-green clay' formed from chlorite.

(2) Silicification was observed along NE-trending shear

zones and consists of cherty and milky quartz as

shear fillings.

(3) Alteration, accompanying fracturing of the granite,

consists of the formation of clay minerals after feld-

spar, and alteration of biotite to chlorite and locally

to hematite and goethite. Alteration intensity is

related to the degree of fracture. Oxidation of biotite
to form chlorite is inferred to be a moderate- to low-

temperature hydrothermal event (Bramlett et al.,

1980) that accompanied leaching of predominantly

intercrystalline uranium from fractured rock (Ken-
dall et al., 1980). Such alteration is observed to have

a large areal extent with sharp boundaries between
altered and unaltered rocks.

In association with the uranium accumulations, Bram-

lettet al. (1980) recognized propylitic (?) and argillic (?)

alteration in Precambrian rocks within the deposit. The

propylitic alteration within granite consists of(l) chlori-

tized biotite, (2) argillized albite, and (3) green montmoril-

hmite on fractures and around chlorite. Argillic alteration

consists of(l) nearly complete alteration of chlorite to

montmorillonite, (2) moderate argillization of shattered

ground, (3) green montmorillonite on fractures, and (4)

pyrite on fracture surfaces. Metamorphic rocks show weak

to moderate propylitization, and diabasic dikes are
chloritized.

Granitic outcrops adjacent to the North Canning and

Fuller deposits on the southern side ot" the Canning Fault
are stained bright rusty orange by limonite and hematite

(Figures %8 and 9-9), and, along fractures and faults, by'

hematite (Figure 9-10). In drill holes, nearly pervasive

hematite staining predominates (over limonite) as fracture

coatings, on cleavages in feldspars, and ahmg grain bound-

aries. Hematite halos are seen surrounding pyrite: hema-

tite also occurs pseudomorphously after magnetite
(Kendall et al.. 1980).

The oxidized terrain is represented by altered rocks

beneath the surface (Figure 9-8). The principal manifesta-

tion of this is the formation of limonilic goethite. Examina-

tion of chip samples recovcred from exploration drill holes

(Figure 9-1 l) and drill cores showed that the surface-

Figure 9-8. Gem prospect pit in SW 1/4, Sec. 34, T4ON, R92W,

south ol Canning Ranch. Granitic rocks in the face beneath the

weathered granitic (oxidized) surface are stained by limonite, pre-

dominantly on fracture surfaces. The cut is about 30 m in height.

Green lichens are seen on north-facing slopes.

oxidized horizon was not l\mnd at a depth greater than
15 m beneath the surface. The thickness of the oxidized

zone in granite correlates inversely with the amount of

Tertiary cover above: e.g., where the Tertiary cover is thick,

the oxidized layer is thin or missing, and ','ice versa. These

observations suggest that the surface weathering or oxida-
tion effect is at least in part pre-Wagon Bed in age and was

removed by erosion along paleodrainagcs or prevented

from lk_rming belk)re deposition of Wagon Bcd rocks. Con-

tinued weathering might also be expected on granitic out-

crops exhumed from beneath the cover. Thus the age of
such weathering might actually' span the interval from the

Eocene to the present, excluding the period during which

the granites were covered.
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tite ranging from 1 to 8 percent and muscovite 1 to 6 per-
cent (Bramlett et al., 1980). Abundances of these minerals

are generally higher where the granites are in contact with

metasediments. The granites are fine- to coarse-grained

with I- to 3-cm microcline phenocrysts. Pegmatites and

other late magmatic segregations rich in quartz and specu-

larite are common in the granite (Thaden, 1980dL Pale-

green dikes of feldspar-epidote-zoisite-olivine are also

found. Pegmatites are also found in the adjacent metasedi-

mentary terrain (Bramlett et al., 1980).

Fresh granitic rocks are pale gray, grayish-orange, pink,

and moderately brownish-red and weather to resistant,

bouldery outcrops (Figure 9-7). Red hematite forms a per-

vasive coating on quartz and feldspar grains to give weath-

ered surfaces a reddish appearance. Outcrops may be

extensively covered by lichens that are gray, black, yellow,

red, or green in color. The lichen cover may be locally

complete, especially on north-facing surfaces.

Granitic rocks containing mineralization in the North

Canning deposit are not exposed at the surface, and

mineralized rock is covered by up to 50 m of Wagon Bed

bentonitic claystone, siltstone, sandstone, and gravel (Ycl-

lich et al., 1978). These rocks at depth (Bramlett et al.,

1980) consist of microcline-albite granite enclosing blocks

of biotite-hornblende schist, amphibolite, gneiss, and

granite gneiss (Yellich et al., 1978). Pegmatites cut the

granite and metamorphic rocks. Diabase dikes composed

of augite and other pyroxenes and calcic plagioclase occur

in places.

2. Alteration in the granitic rocks. Bramlett et al. (1980)

have recognized three types of alteration present in the

granitic rocks:

Figure 9-7. Fresh granitic outcrops northwest of the Arrowhead Mine

(SW 1/4, See. 20, T40N, R92W)

Mineral

Table 9-6. Mineralogical characteristics of hematitic and limonitic

altered granite rocks of Copper Mountain a

Samples

Red Altered Rock Yellow Altered Rock Yelh_w Sand
"'Fresh" Rock

{red-oxidized areal (yellow-oxidized areal {yellow-oxidized areal

Quartz major

K-feldspar major

Plagioctase minor

Mica biotite

('alcite trace

Iron oxide,_

('lay

Chlorite trace

major lnajor

major minor

minor albite very minor

white, biotite white

very minor very minor
hematite lrocc hematite

kaolinite, trace kaolinite

montmorillonite

trace chlorite, very minor
montmc, rillonite

_'Analysis by X-ray difl'raction.

major

m_tior
lllino[

biotite

[laCc

trace nlontmorillonlle

Irate ch/ori_e
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Age

Archean

Formation

major hiatus

Metasedimentary

Rocks

Table 9-5 (Continued)

[sth_>logy

Metasedimentary schists and gneisses, These rocks are of widely ranging composition and color. Three

groups of metasedimentar)schists recognized Southern group: greenish-gray, olive-gray, and gray quartz-

muscovite-biotite schist. Minor greenish-black hornblende schist. Middle group: quartzite, quartz-mica

schist, dark grayish*red, garnet-biotite schist, andalusite-sericite schist, hornblende-quartz-plagioclase

schist, cummingtonite schist, corderite schist, together with other pelitic, quartz-magnetite, and quartz

specularite rocks. Northern group: black hornblende-plagioclase-quartz-schist+ quartz-biotite-plagioclase

schist, and cross-bedded quartzite. Uralilic amphibole dikes (generally < 15 m thick) transect strike of

metasediments at acute angles Next to large bodies of granite, metasediments are included as xenoliths

altered to migmatitic gneiss with abundant quartz segregations and biotite. Mineral la3,ering in these

metasediments is parallel to bedding of iron-formation-quartzite or other identiliable original sedimentary

units. Ages of 3100 to 3500 my.

"Data summarized from description by Thaden <1978, 1979, 1980a 1980e, 1981).

Thickness, m

overrode upturned Paleozoic and Mesozoic strata. Fan-
shawe (1939) has recorded 10 km of horizontal displace-

ment resulting from these thrust movements.

Subsequent vertical normal faulting of the toe of the
thrust has resulted in extensive development of crushed or

highly fractured rock near normal faults along the range

front and development of a structural inlier of Paleozoic
rocks in Steffen Hill (Figure 9-6). Steffen Hill is bounded

on the north and south (and cut in its interior) by steeply

dipping normal and reverse faults that have displaced the
block into Precambrian granite (Ferris, 1968). Keefer and

Love (1963) give a combined vertical uplift of the Owl

Creek Mountains and subsidence of the adjacent (north-

central) Wind River Basin amounting to some 10,500 m.

According to Fanshawe (1939) the time of anticlinal

arching and southward thrusting correlates with the

unconformity at the top of the Paleocene Fort Union For-

mation. Uplift ceased prior to deposition of Wind River
sediments in Lower Eocene time. In late Miocene time

(Kendall et al., 1980) the Owl Creek Mountains and Wind
River Basin underwent renewed uplift, and many normal
faults in the toe of the thrust were reactivated. This initi-

ated a period of erosion, with removal of the Tertiary

cover beginning during the Pliocene and continuing to the

present time.

Stearns et al. (1978) have performed model experiments

in sandboxes dealing with the Owl Creek Mountains struc-

ture. The combination of shallow-dip reverse faulting and

closely associated normal faulting appears when sawtooth-

like displacement fields are applied to rigid lower base-
ment boundaries in these model experiments, and when

the horizontal-modeled lithostatic pressure is augmented

by additional constant horizontal pressures of supposed

tectonic origin. This vertical tectonic model contrasts with

that of Berg (1962), who envisages the deformation to be

thrusting, the result of predominantly horizontal

compression.

VI. Geologic Relations of the Mineralization

A. Relations to Structure

The Canning deposit is fault-bounded (Kendall et al.,

1980) and lies within pervasively shattered and crushed

granitic rock. The accumulation lies beneath Tertiary sedi-
ments of the Wagon Bed Formation. Mineralized ground

is in close proximity to the Tertiary-Precambrian contact
and to Recent unconformities. The deposit is limited on all

sides by faults and is transected in the interior by several
such structures. With the exception of the Canning Fault

(which forms the northern limit), none of these structures

is exposed at the surface. The faults in part place definite

geometric limits on the distribution of permeability from
mechanical fracturing. Brecciation is more extensive along

the Canning structure and the resultant permeability more

extensive than along other structures of the system. Miner-
alization is confined to such zones of intensive brecciation.

B. Relations in the Granitic Rocks

1. Nature of the granitic rocks. The granitic rocks at the

Copper Mountain test site have been described by Bram-
lett et al. (1980), Thaden (1980b, 1980d), and Yellich et al.

(1978). Mineralogical characteristics of altered and unal-

tered material are given in Table 9-6.

The granitic rocks are generally leucocratic and include

the following rock types: quartz monzonite, microcline-

albite granite, syenite, quartz-microcline binary granite,

and quartz-microcline-plagioclase-biotite microgranite. Bio-
tite and muscovite are common varietal minerals, with bio-
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Age

Middle

Pennss'ls'anian

Middle to Lower

PennssIvanian

and Upper

Mississlppian

tipper and Lower

Missis_ippian

Upper and Middlc

Ordovieian

Upper Cambrian

Middle Cambrian

M iddle ('ambrian

Precambrian X

Archean

Formation

i.in con_lrnlil\ ¸

Fensleep

Sandstone

Amsden

Fiirnlation

u neon formily'

Madison

l+imestone

Bighorn Dolomite

uncontormity

Gallatin

Formation

Gros Ventre

Fornlalion

Flathead

Sandslnne

nraj_r uplift and

Malic ,.likes

(}ranile

Table 9-5 (Continued)

l.ithoh,gy,

Sandslone. cla?,'e_, and dolomilic in basal part. pale grly t_, pa e 'r'ellowish-gray' locally stained pink, red.

purple: weathers yelto,a;isb-gray Io pale yellowish brown: ve U, line- to medium-grained, clear angular to

subrounded quartz, poorly cemenled s_ith silica ('herl_ in places but generalIy friable,

[:ornlalit/n consists of three nlenlbers: an upper dolonlite member, a nliddle shale member, and a lower

saudsl,.me member. Sandstone is confined to tile lower member and is the mosl abundant facies in tile

li)rmalion The sandslone is silty', greyish-orange Io reddish-brown (weathers dark brown), line- It)

medium-grained, and well sorled Composed of angnlar Io subangular quarlz cemented in part b_, silica

Stmdstone member is 65 Ill thick, l'he upper member is limestone or dnlomilic limesUme with white to pink

quartzite beds in upper part Dolomite is pale orange to grayish-orange pink, medium cr._stalline to

saccharoidal in upper part, linely crystalline in lmver part. and porous. Contains gray to white chert

nodules. The upper member grades inlo oserl,,ing Iensleep Sandstone. fhe middle shale member consists

of gra?'ish- Io purplish-red, clayey siltstone, dial s_ealhers yellow and ocher. [nit poorly exposed, v, eathcrs

to powdery surface: a few meters in thickness, but possibly thinned b,_ tectonic flov. age.

I)olnmite, limestone, and sandstone, l)olomite is limey and clayey, ydlowish-gray to very pale tmmge or

pale _m._gish-pihk in coh_r (u, eatbers yclh)a ish-gra) L line to medium crystalline. _accharoidal, and porou_

m ver) thin. even beds. but bedding is obscure Comprises the nla or part of this t\_rmation, l.inlestonc.

with most beds claye'v and dolomiik', is pale yetlo_ish-gray _*ealhers yellowish-gray , predominantly

sublilhographJc, and medJmn- to thick-bedded, bul bedding indistinct Sandstohe. calcareum, in IrloM

places, is distributed throughout formation in 0 l-m- to lO-mqhick beds, and is _hite 1o reddish-brown and

in thicker beds in upper part. Formation makes ledgy cliffs,

Dohvnde. Very light gray and light 2ellowish-gra_, mottled light grayish-orange (weathers in places

_ellowisb-gray , tineh crystalline sacchamidal, slightly' ptmms, indistinctly, Ihick bedded Io slruclureless,

arid deeply pitted on weatbered surfaces, and conlains scallered Imumitic spots

Limestone and siltstone Limestone cliff at top of formation is clayey, with some beds glauconitic, some

beds dolomitic in upper part. Edgewise congMmerates common. Rocks are pale grayish-red, gray. pale

orange, ahd mottled green and pinkish-orange: wcatber maroon, medium gray', and pale orange, with the

distant appearance of a ribboned maroon cliff. Middle limestone forms slope, some beds of which are silt?'

glaueonitic, and yellowish-gray m pale olive color (weathers pale yellowish-brown), medium Io coarsely

gr.'/slaJIJne, dark-coJc, red where conglomeratw, JJlh,_grapbJc to sublJthograpbJc, and light colored elsewhere

Pebble conglomerates near lop. Basal iinlesmne cliff'clayey and silt',', most beds slightly glauconitic; pale

yellow, brown, gray'ish-orange, arm yellowish-gray {weathers pale }ellowish-brov, n . linely crystalline, with

hall of beds containing sublithngraphic limestone pellets or pebbles that Ik_rm conglomerate_. Th in. e_en

beds. flaky to slabby splitting

Sillstone, sandstone, and limestone, Siltstime is inostly sand.v, clayey in places, with lhin seams of slit',

clays/one and cla.vstone, micaceous in most places, glauconitic, calcare_.ms; pale sellov, ish-gray, dusl_,

yellow, and dusty yelh)v, ish-green (weathers olise-gray to nraroonj with e_en bedded Io undulawry

bedding in thin beds Forms gently' eoncave slope with thm ledges Sandslone is silts', in part micaceous.

with tb.,a' dun maroon to briny, n glanconitic beds near base, line _rained, pale orange, arid cross-bedded to

struclureless lenticular beds in Imver part Basal 5 w 9 m is olise-grav lweathers y'ellovdsh-bross n) and

highly glaueonitic: forms resistant dill-.

Sandstone and siltstone. Sandstolle ill part silty in part conglomeralic, especially near base I)ark

_ellowish-brown but contains hie 1 y ferrug nous dark red and purple beds, and glauconilic, dark green

beds, mostly in lower part: line- to coarse-grained, poorly' sorled, angular Io subangular grain, arkosic.

micaeeous in places, and weuklv to moderately cemented, as well ;is contain mg qnartzitlc il regular zones.

especially near base ('Ollglonlerate dasts include quartz, l;eldxpar, alld ungnlar cobbles ol'granite and

metasedimentar? rock. Forms ledgy cliffs and slopes. Sillslone is dark red. greenish-gray, and pale orange:

some glauconite, omfined ilIOStly to upper part of limnation F luthead SandMone deposited on irregtda r

surface cut on Pr¢cambrian n_cks with tt3 Io 30 m of relief

u nco n Ibrm it 2'

(tray sh nd dark greenish-black, ne ? cr,,stalline. Ilmleiitic dikes ('onsi,,t picdominanlh ofanEile and

plagioclase, with rainor amounts ill magnelite, py rile, olivine, and quartz. Chh!rilic alteration Assigned a

Precambrian X age (1600 to 25(X) m.',l based on petrographic comparisons wdh daled dikes cutting

Precambrian units in tale Bigboro, Bearh_l_th. weslern O_ r} ("reek, ahd Wind River Monntains Dates of

1900 to 21()(1 my tire given by ('ondie et al. (19691

Pale gray and grayish-orange pink to moderate brov, nish-red: v, hite. pale era',, and ),cllmvish gray v, hcrc

pegmatitic "Ihe granile is brighl rusty-orange ahmg lhe base c,f tire mountains v, here old. prelFOCene

(pediment) surface has been exhumed I'r,-lm beneath rerliary sediment clever. The granite ranges irl

composilioll from quartz-microclme binary' granite to qnartz-microcline-plagioclase biolite-muscovile

granite 'aith garnet, apatile, zircon, epidote, pyrite and magnetite as accessories Composition varies widel,_

from place to place Aseragc modal analysis 28q: quartz. 34eF microcline 35{i plagioelase (alhde and

oligoclascl, and 3c/ biotite ( 1 haden. ]0gOal ('ataclastic texture near large faults: gncissic and

ferronlagnesian-rich {bit;tile) ad at'ent to bodies o_ ntetasedinrenlary rock Ages reporled range betxseen

26411 Io 2720 m _,

Thickness, m

100

I(XI

130

6 15

125 135

11/5 125

611 75
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Age

Holocene

ltolocene

Holocene and

Pleistocene

unconfi_rmily

Upper and Middle Wagon Bed
Eocene [:ormation

l.ower Eocene

Table 9-5. Stratigraphy of the Copper Mountain area for formations and other map units mentioned in the text a

Formation Lithology Thickness, m

Alluvium Sand and gravel. Sandy, silty, and s ght y clayey deposited in arruyos and contemp_wary slreams. Gravels

are sandy and composed nflarge clasts ufgranilic and metamorphic rocks Sand fraction consists _ff'quartz, I0 12

feldspar, micas, amphiboles, garnet, and magnetite.

unconfi_rmity

Old alluvium Sand. very silty' and clayey. Gray-brown to light brown tn pale reddish-brown from oxidation of

ferruginons grains. Poorly sorted. Composed of quartz, feldspar, mica. and variable amounts of volcanic 15

ash. Contains chips and pebbles of unweathered bedrock. Deposited as Fans and bahadas on low flanks of

highland areas, and tills paleodrainages that are approximately' coextensive with contemporary drainages.

u neon fortuity

(;ravel ('lasts, consisting mostly of granite, quartzites, amphibolite gneisses and schists, quartT, feldspar-mica

schist, amphibolite, small quantites of quartzitic sandstone from the Flathead Sandstone and Amsden
Up to 20.

Formation. and limestones from the Gallatin, Madison, and Park Cit s Formations. Deposited on gently' Average of

sloping, dissected pediment surfaces at several levels. Clasts are silt- Io boulder-size, but predomimmlly 2 5

cobbles. Deposits unconsolidated but calichified, most extensively in the oldest deposits, which constitute

the topugraphically highest units.

Votcaniclastic clayslone and sandstone including vitric, crystal-vitric, and crystal tuff', and admixed and

interbedded detrilus of local origin. Clay'stones are pale green, grayish-yellow, and green where pure,

grading to grayish-orange, orange, pink, maroon, and purple where ahundant fi:rrugim>us delrital sand is

incorporated Contains glass shards. Deposiled mostly as airfall material that is locally rcworked by streams

to form cross-bedded channel deposits and mudflows. Weathered surfaces fi'_rm "popcorn" texture when

welted Sandstones of the und are yellowish-gray to pink and grayish-orange and are composed of milky

quarlz, feldspar, and mmor amounts of dark minerals and musco'dte, wilh interstitial, devilrified volcanic

ash in varying amounts fhcse units are mostl s even-bedded airfa[t material reworked by water into cross- 225

bedded channel complexes. Tightly cemented silica zone within 5 m of base. not present evcrswhere.

Boulder deposits up to 40 m thick fill paleovalleys on the flanks of the mountains These valleys are filled

with basal Wagon Bed volcanic ash and sand l)etrital sand layers inlertongue and are interhedded with

volcanic material The Wagon Bed Formation was deposited on a paleoerosion surface of extreme relief,

and possibly' buried the mountains at one time. Erosional remnants now consist oi'resistant basal deposits

of boulders and line-grained material now protected in grabens. Equivalent to the Tepee Trail Formation

used by RME ge*dogists (Yellich et al, 1978) and originally' described by' Tourtclot (1953)

major uplift and uncont'ormily .

Wind River Sandstone and siltstone with separately mappable chromolithofacies of conglomerate and siltstone.

Furmatiun Sandstone, silty and clayey, pale yellowish-gray and grayish-orange. Some beds stained brown and tightly

cemented by' iron oxides. Unit weathers pale greenish-yellow to pale blue. Very' line-grained to very coarse-

grained, but im_dcrately well-sorted in individual beds. Individual sandstone beds up to several reelers 190

thick. Siltstones are sandy and clayey olive-green weathering to pale blue E×tensive limonitic staining

('hromolithofacics ( l'hadcn, 19grid, 1980e1 are characterized by specilic color grain-size distribution.

physical character, and composition They typically constitute high energy' deposils of l]u'¢ial origin

ma.lor uplit't and unconformilv

Sundance Upper part sundqone, limestone, and cla_stonc. Sandslone is glauconiUc, pale )ellowish-gra s. fine-

I%rmation grained, ,mr s poorly sorted, v, eakly cemented, and friable, with some beds ripple-laminated, Cnnstitutes

principal tucics ot upper parl. Limestone is glauconitic, lighl olb,'e gray to moderate nli_e-brown (weathers 40

oli_ e-bro'_ n). mcdium-crystallilre, thinly' laminated, and thickly bedded ('untams abundanl fussils, mostl s

pelecypods ('layqone is ,,'cr'_ silty to sundy, glauconitic yellowish-gray m dark olise-gray, and Ihinl,,

laminaled I:_rnration is t\_ssiliferous, nlostls helenmites

lower part sandstone and cla_slone Sandstone is calcareous clayey, silt s, pale seil,.n.,.rish-gra) to white,

sery line-grained Io line-grained, poorly sorted, v,eukly cemented, und friuhle, wilh low-angle cross-beds: 50,4r less

Ibrms crumbly rounded ledges, sand s slopes. Clayslone is calcareous, silty, sand s, and dusly-sellov, to [ighl

oli_e-gra}: weathers gravish-,/ellow to powder surface.

uncon formit s

('low Mountain _undMone sihsb.lne lind clayslune. _andsltnle is calcareous yelhv, vish-oranee t_ reddish-orange, mostl,,

Sandshme fine-grained, mq_d,,:ruleix ,a,'ell varted. ,,ilica cernenled, cross-bedded v, ith irregular bedding Sandstones

dominate h)v¢cr 15 h_ 4(I m of li_rlnation l'orms ledgy slope wilh sandy surtace Siltstone is calcalc_ms, Probahh

micaceous, amt reddish orungc to reddish brov, m Moderateh well-sorted arkosic siltsloflc nrake up upper greutur than

halt of lormufi,.m t:orlns weuk ledges and pm_dery surlhces ('la,,stone is _,lightl',. ,.'ulculeous. ts yellmvish S5

brown IO reddi:-,h-bro'_,,n und purplish-red, und occurs as Ihin sCaills thrDughoul the l_rmatit_ll excepl neur

base.

Red Peak Siltstone _ nt el IS'St +he S s one s s ig it S n c ccous, with most beds slightls dohnnitic: ix lighl reddish

Iormalion brown: is _ell-sorted. inostl s in thin, even beds: and weathers to powder s' surface ill'gcnlle slopes except

v, here protected frorn abos'c: here the slopes are steeper, with chips. ('la,,stone is dark leddlql-brmvn in

thin sca[lp, mterbeddcd _it]3 siltstlme beds ul intervals ofa I'e_ ccnfinteters It) man_, meters l abuhlr grus- ' 125 165

green bleached /OlleS c(Hnnlort akmg fructures and bedding planes. Upper purl of f]n rnafioll _ bleached

pale greenish-sellow to Ihickness of 15 m beneath upper contact Bleaching of base _,l I\_rmation to pale

yellowish-orange in lirst I'c,a. meters.

Purk ('il_ l.imeshmc and siltslone. [.imcstone is inostl s dohmfilic, pale scllov, l',h-gras', gray, and pale gra s [v_cathers

Iorlnation _elh+_.ish-grax ). int_sth finely cr;slalline, prou_ to caverl+tnls near buse: i'nt>qly thin-bedded Sihstone is 60 75

lime}, dohm+ilic and cla}es,, gru_ixh-yelMv, tt_ reddish-orange, in thin. shah. splitting beds intcrbedded

'-_Ith [imc_htne neur nlldd]c of l_lrlnalion t;ll]'_

Upper and Middle

Jurassic

Upper Iriassk

t.m_er ] riassic

PernnLln
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Common Plant Name
102 104 105 206 206f 231 237 242 270 271 2

G_

Bluebunch wheatgrass

Indian ricegrass

Needle-and-thread grass

Rhizomlous wheatgrass

Western wheatgrass

Inland saltgrass

Green needlegrass

Prairie junegrass

Sandberg bluegrass

Mutton bluegrass

Basin wild rye

Plains reedgrass

Thickspike wheatgrass
Canby bluegrass

Mountain bromegrass

Bluegrasscs

Columbia needlegrass

Slender wheatgrass
Idaho fescue

Blue grama

Spike feacue

Annual weeds and grasses

Sedges

Perennial forbs

Prickly pear cactus

Shrubs

Black sagebrush

Bud sagebrush

Big sagebrush

Birdfoot sagewort

Serviccberry

Bottlebrush squirrellail

Gardner saltbush

Alkali sacaton

Low rabbitbrush

Greasewood

Antelope bittcrbrush
Saneless horsebrush

Trees

Junil_r

Mountain mahogany

• • • • • • • m
• • • • • • •
• • • • • •
• • • •

m • • m

• •

• • • m

• • • •

• •

• |

• • •
• • •



Table 9-3 (Continued)

Rock

Outcrops

Parent

Depth, in.

Surface Total

Unit to Bedrock
Olive

Color of Surface Unit

Yellow Brown Gray

Slope,
%

Comments

alluvium

from

schist,

gneiss,

granite

schist,

granite

mixed alluvium

from gneiss,

granite

3 _>60

3 25

3 24

_>60

2 20

• 1 12

• • I0_

2-20

Flathead

Sandstone

limestone

mixed

alluvium

mixed

alluvium

mixed

alluvium

colluvium from

Flathead Sandstone

alluvium from

limestone

mixed

alluvium

alluvium

from limestone

colluvium

from limestone

mixed

alluvium

colluvium from
shale and

sandstone

2 60

4 60

2 60

8-20

31

>60

t5

t0-20

60

10 20

1-8 20 40% pebbles on surface

1 25 30-60% pebbles on surface

1-8 Gypsum in lower part

2 25 5-35% gravel, cobbles on surface

2-20

2-15

5-20

1-45

Unit contains 15% of other loamy and

cobbly or stony loam series

2-30 40 50% pebble cover on surface

• • I0 40



TaMe 9-4. Vegetationlypes occurringwithinIhe soil units
at theCopper Mountain site accordingto SCS mapping

Soil Unit

277 298 306 342 372 3109 4109 2a32 2a32s 2f72 2gll 2g72 2h71 2h72 2nil

• • • • • • • • • • • • •
• • • • • • • • •
• • • • • • • • • •

• • • •
• • • • • • • • •

• • •

• • • • • • •

• • •
• •

• • •

• •
• •

• • • • • • •

• • • • • •

• •

• • • • • • • • •

• • •

• • •

• •
• •

• •

I T



Soil Major Series Areal

Unit Comprising Coverage, Locations
Unit 'g

Chemist_

Alkaline Calcareous

Texture Sources

Trans- Eolian
Stony Gravelly, Loam Sand Clay Residual ported(Channery) Cobbly

2a32s Lupinto 55 irregular with

Variant rock outcrops

Bosler 25 on valley fill
Variant and fans

2f72 Pesmo 40 hill and

ridge side-

slopes

Lupinto 30

i _ • •

• r • •

Rock outcrop 10

2gl I Emblem 30

Clifterson 30

Rairdent 30

exhumed

ridges and
knobs

dissected

alluvial

fans and

terraces

• • •

• • • •

2972 Chittum 60 cuestas
back slopes

Rock outcrop 20 ridges,

escarpments

2h71 Woolsey 40 hills

Decross 30 valley fiR,

north-facing

toeslopes

Starman 15 hills

• • •

• • • •

2h72 Pensore 45

Rock outcrop

2n I I Clifterson

Persayo

30 ridges,
knobs,

escarpments

45 terraces,

hills,

ridges

30 sides of

hills and

ridges

"Data summarized from SCS descriptions (J. liams, personal communication, 1982).

bStrongly
CTrace

dVery

CChannety

fStony



Soil
Unit

MajorSeries
Comprising

Unit

Areal
Coverage,

%
Locations

Chemistry
AlkalineCalcareous

Texture

Stony Gravelly. Loam Sand
(Channery) Cobbly

Sources

Clay Residual
Trans-

ported
Eol,

102

104

105

206

206f

231

237

242

270

271

Rock outcrop

Persayo

Birdsley

Rock outcrop

Penrose

Rock outcrop

Blazon

Youngston

Lostwells

Binton

Youngston

Apron

Lostwells

Norte Variant

Pensare

Uffens

Muff

Fruita

Apron

Lostwells

Apron,

Alkaline phase

Blazon

Patent

Rock outcrop

Persayo

40

25

15

4o}35

55

20

35

35

10

20

20

60

15

3O

3O

10

35

3O

2O

5O

2O

15

6O

gentle to

steep slopes

slopes and
saddles

finely

intermingled

hills.

ridges

fiat, low

elevated

fiat. level

finely

intermingled

steep

alluvial slopes

cuestas,

hills,

ridges

terraces,
fans

hill slopes

terraces,
fans

slopes

gentle

slopes

level

floodplains

hills and

knobs

narrow

valley fill

hill, ridge

tops

hill slopes,

escarpments

mb

• • •

m(



Table 9-3 (Continued)

Rock

Outcrops

Parent

Depth, in.

Surface Total

Unit to Bedrock
Olive

Color of Surface Unit

Yellow Brown Gray

Slope,
,I;

Comments

shale,

sandstone

shale

schist,

granite

weathered from

sandstone

4 10-20

weathered from 3 4-20

shale

colluvium 2 24

from sandstone

mixed alluvium 6 _>60

sandstone

colluvium 3 _>60

from shale

shale 2 19

mixed

alluvium

mixed

alluvium

mixed

alluvium

mixed

alluvium

colluvium

from

sandstone

sandstone

clayey
sandstone

sandstone

shale

schist,

granite

4

4

3

-->60

3

60

60

60

_>60

_>60

34

12

24

19

14

6-45

• 6-45

• 2-15

• • 2 15

• 5-30

• 3-45

0-5

0-3

2-8

1-10

1-10

2-15

6-50

6-40

6-45

5 130

schist,

gneiss,

granite

granite 10 1-12

Contains up to 25% of other loamy and gravel
loam series in intricate mixture.

15-45% pebbles and cobbles.

alluvium

from gneiss

schist,

granite

->60

25

2 20

I 12

U



Soil

Unit

Major Series

Comprising
Unit

Areal

Coverage,
%

Locations

Chemistry

Alkaline Calcareous

Texture

Stony Gravelly, Loam Sand
(Channery) Cobbly

Sources

Clay Residual
Trans-

ported
Eoli

274 Oceanet 40 hill slopes

277

298

306

Rock outcrop 20 hilltops,

ridges

Persayo 15 hill slopes,

ridge sides

Diamondville 45 fans,

terraces

Forelle 25 fans,

terraces

Patent 25 steep fans,

backslopes

Blazon 60 hills and

ridges

Rock outcrop 15

Youngston 35 floodplains

and slopewash

Ettington 25 m b

342

Fruita

Apron

Wallson

slopewash,

valley sides

35 fans and

valley fill

30 fans and

toeslopes

372

3109

Worland 20 hills, sides

of ridges

Cragosen 40 ridges,

hilltops

Carmody 25 hill and

ridge slopes

Blazon 15 ridges,
hillsides

Rock outcrop 40

• •

• •

• •

4109

2a32

Ashbon

Rock outcrop

Mosroc

Lupinto
Variant

Bosler

Variant

35 irregular
areas around

exhumed ridges
and knobs

40 exhumed knolls,

ridges, and

ledges

35 mountain

ridges and hill

slopes

55 valley fill,
fans

25 slopes,
fans

mmd • •



Table 9-3. Description of soil units Ior the Copper Mountain test site"

Rock

Outcrops

Parent

Depth, in.

Surface Total

Unit to Bedrock
Olive

Color of Surface Unit

Yellow Brown Gray

Slope, Comments
%

limestone,

sandstone

calcareous

shale

shale,

sandstone

shale

calcareous

shale

alkaline

shale

limestone

calcareous

shale

alluvium

alluvium

alluvium

mixed

alluvium

mixed

alluvium

mixed

alluvium

alluvium

from limestone

weathered

from limestone

weathered from

shale, sandstone

weathered from

shale and sandstone

mixed

alluvium

mixed

alluvium

alluvium

mixed

alluvium

shale

shale/
alluvium

weathered from

shale

3 16

2 14

2

4

I0

3

6

4

2

3

2

4

2

3

10

4

2

3

10-20

19

>_60

>60

>60

60

60

60

60

I0-20

60

20-40

60

60

_>60

_60

->19

>60

20

6 45

6-15

10 -45 20-60% gravel surface cover

• • 6-45

• 16

• • I-6

• I-6

• 03

0-3

0-3

1-10

6 2O

• i-8

• 1-12

• I-5

• 1 10

• • 1-8

I-.6

• • 6 40

• 3-20

3-45

5 40% gravel, cobble surface

20-60% gravel, cobble surface

High salt content locally
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Section 9

Copper Mountain, Wyoming,

Uranium Test Site Report

I. Introduction

A. Purpose and Background of the Test Site Report

The Joint NASA/Geosat Test Case Project was under-
taken to evaluate the utility of remote sensing methods for

geologic mapping and resource assessment and explora-

tion. A description of the Project's aims and history are

given in the Project Description, Section I. While the ura-
nium test case program was in practice carried out by Jet

Propulsion Laboratory (JPL) personnel, a key element of
the program was the cooperation between NASA and the

participating Geosat companies: NASA provided aircraft
overflight data for the site and additional ground-based
observations, while the Geosat companies were to provide

geologic and subsurface data on the deposits and the privi-

lege of access to the test site property.

This section describes remote sensing and field investi-

gations carried out at Copper Mountain, Wyoming. The
operating company at Copper Mountain is the Rocky

Mountain Energy Company (RME), Denver, Colorado.

B. Site Selection and Geologic Problems

The Copper Mountain uranium test site was selected as

a prototype district thought to represent a vein-stockwork

type of deposit in granitic rocks. Significant concentrations
of uranium were also present in a Tertiary-age regolith

overlying the Precambrian granite terrane and in Tertiary
sediments at various places in and above the Tertiary rego-

lith. These uranium deposits were believed to have been

derived from leaching of nearby granitic rocks and Ter-

tiary sediments and were possibly the source of the more
extensive mineralization in the granite at the 100-m depth.

Some of the criteria governing the site choice were:

(I) Both the gravels and fractured igneous host rocks

are exposed at the surface throughout the area, thus

offering the possibility of observing uranium-related
alteration or other effects at the surface.

(2) The fractured granitic occurrences of uranium

mineralization at depth were drilled extensively as

part of a mineral development program by RME.

Thus the geology of the resource, its controls, and its
distribution were well known.

(3) A paper describing the geology of the occurrence

had been published (Yellich et al., 1978). In addi-
tion, the geology of eight contiguous fifteen-minute

quadrangles had been mapped (1:24,000 scale) and

were either published or scheduled for publication

shortly (Thaden, 1978, 1979, 1980a-1980e, 1981).

These maps provided a basis for detailed geologic
evaluation of the image data.

(4) The site had been the subject of an extensive grid-

sampling (0.5 by 0.5 km) geochemical and geophysi-

cal study conducted as part of the National Ura-
nium Resource Evaluation (NURE) Program by the

Bendix Field Engineering Company (Bramlett et al.,
1979a, 1979b). This program was intended to assess

"halo" effects surrounding uranium ore bodies.

(5) The Copper Mountain test site was wholly con-

trolled by RME, a Geosat member company. The

problem of land access was thus simplified.

Two principal geologic and image interpretation prob-
lems were evaluated: (1) use of multispectral scanner data

for geologic mapping throughout the test site, and (2)
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detailed geologic and image analysis of oxidation effects in

the granites as these might relate to the distribution of ura-
nium mineralization.

C. Remote Sensing Data Types and Methods of Study

The remote sensing data available for study consist of

aircraft multispectral scanner data, including data from
the Bendix Modular Multispectral Scanner (M2S) and the

NS-001 Thematic Mapper Simulator, Landsat Multispec-
tral Scanner (MSS) satellite data, and ground-based, spec-
tral reflectance measurements with the JPL Portable Field

Reflectance Spectrometer (PFRS). In addition to these
sources, stereoscopic color or color-infrared photographs

were acquired for portions of each flight line covered by
the scanners.

The predominant effort in this study was devoted to

analysis of the aircraft-acquired multispectral scanner
data. The l l-channel M2S scanner covers the spectral

range of 0.33 to 1.1 btm in 10 bands, and the NS-001 covers

the spectral range of 0.45 to 2.35 _tm in seven bands, as
well as a broadband thermal channel at 10.4 to 12.5 _m

(Table 9-1). The scanners measure reflected or emitted
radiation from the Earth's surface. These measurements

include atmospheric effects that should be eliminated from

the data before they are displayed and analyzed.

Aircraft data from both the M2S and NS-001 scanners

cover an extended portion of Copper Mountain and the

adjacent northern part of the Wind River Basin, roughly as

depicted in Figure 9-1(b). The total area covered by these

scanner data amounts to approximately 832 km 2(320 mi2).

Figure 9-2 shows an aerial view of the test site and sur-

rounding areas and gives the approximate location of the

North Canning uranium resources.

Table 9-1. Spectral coverage of mullispeclral scanners

Band Landsat MSS,/Lm M2S, _m NS-001,/tm

1 0.33 0.44 0.45 0,52

2 0.44 0.49 0.52-0.60

3 0.49 0.54 0.63 0.69

4 0.5 0,6 0.54 0.58 0.76-0.90

5 0.6 0.7 0.58 0,62 1.00-1.30

6 0.7-0.8 0.62-0.66 1.55-1.75

7 0.8 1.1 0.66-0,70 2.08-2.35

8 0,70 0.74 10.4 12.5

9 0.76-0.86

10 0.97-1.065

11 8.0 13.5

IFOV J 80 m 1t m 12.5 m

:'Instantaneous field of view.

The scanner data can be evaluated qualitatively for their

utility in solving geologic or other problems. This can be done

by comparing the patterns of separable colors obtained in

different image renditions with geologic or soils maps, or

by using photogeologic interpretations prepared for special

purposes. Stereoscopic color aerial photographs (resolu-
tion _1 m) form the best basis for "resolving" detailed

geologic or physiographic features when field checking is

not possible.

The PFRS data were used in this study to define the

nature of surface reflectance properties. In general the

images were interpreted without resorting to a calibration
transformation, in which PFRS data are used to establish a
reflectance scale for the scanner radiances. Calibration is

required if the scanner data are to be used to study surface

reflectance directly.

D. Plan of the Copper Mountain Report

The main body of this report is concerned with geologic

descriptions, image interpretation, and reflectance mea-
surements. Included as appendixes to this section and to

the Lisbon Valley, Utah, Uranium Test Site Report, Sec-

tion 8, are ancillary field data and analyses of problems

relating to the interpretation of remote sensing data as
radiance data. Most of the appendix examples were origi-

nally developed for the Lisbon Valley test site. Repeated
reference is made to these results in explanation of the

procedures that were applied to the Copper Mountain

multispectral surveys.

II. General Description of the Test Site

A. Location and Access

The Copper Mountain uranium test site is 55 km north-
east of Bonneville and 40 km southeast of Thermopolis, in

the northern part of Fremont County, Wyoming (Figure
9-1). The test area relating to uranium mineralization lies

at the base of Copper Mountain on the northern perimeter
of Wind River Basin and covers most of the southern half

of T40N and R92W. The area examirled during the course

of this study includes portions of T40N, R91W, R92W,
and R93W, and T39N, R91W, R92W, and R93W, as

shown in Figure 9-1(b). Scanner images from various air-

craft scanner systems are available over this enlarged area.
These data are informative when compared to detailed

geologic maps of the area (Thaden, 1978, 1979, 1980a-
1980e, 1981) and are useful for assessment of the geologic

mapping potential of NS-001 and M2S scanner data.

The Copper Mountain study area is reached by light-

duty, unpaved roads. From U.S. Highway 20 near Bonne-
__ ville, the road follows Badwater Creek east for 3 mi, then
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Figure 9-2. High-obliqueaerial view looking north toward the EastOwl Creek Mountainsand the area surroundingthe North Canning
deposit. White area to the far left of the arrow is the Arrowhead Mine. (Photograph courtesyof RME.)

turns northeast, eventually following the East Fork of Dry

Creek. Improved dirt roads leading to Fuller Ranch

(SE 1'4, Sec. 32, T40N, R92W) and Canning Ranch (NE

1/4, Sec. 34, T40N, R92W) allow access to the test site. A

fcw unpaved and unimproved dirt roads provide access to

some parts of the stud.v area. Some of these secondary roads

are passable byr automobile in dry weather.

B. Physiographic Description

The Owl Creek Mountains of central Wyoming lie in the

northern Rocky Mountain physiographic province. The

Wind River l?,asin to the south (Figure 9-la) lies at tile

northern edge of the Wyoming Basin province, with the

division between these two provinces passing along the

range front.

East o|" Wind River Canyon tile mountains arc called

the Bridget Mountains (or East Owl ('reck Mountains),

and the central, elevated ridge is named Copper Moun-

tain. The Bridget Mountains form the northern boundary

of the Wind River Basin and are divided from the Bighorn

Mountains to the north and northeast by' Bridget Creek.

The Owl Creek tectonic uplift extends to Bridger ('reek on
the east and includes both the Owl Creek Mountains and

the Bridger Mountains (Copper Mountain).

The Bridger and Owl ('reek Mountains l\_rm an E W-

trending, asymmetrical anticline overturned to the south
and broken on the southern llank by' thrust and normal

faultin.,,a' In the study area the anticline has been breached

to expose a core of Precambrian igneous and metamorphic

rocks. The range is flanked on the north and northeast by

hogbacks of Paleozoic and Mesozoic strata. To tile south,
Tertiary sediments in the Wind River Basin lap onto the

granites and Paleozoic strata. ]'he axial crest of the range

(('opper Mountain) lies at an elevation of 2300 m or
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greater with accordant peaks reaching to 2500 m. A wide-

spread, high-level erosion surface slopes gently outward

from the axis before dropping off abruptly to the basin to
the south, which lies at an elevation of 1700 to 1850 m.

Remnants of intermediate erosion levels are preserved

along the range front. Some of these remnants are capped

by Tertiary sediments and by early Quaternary fan gravels,

The sediments and fan deposits have been partially

removed by erosion, and the mountain front is dissected

by streams flowing south to the basin. Some, and perhaps

all, of these major drainages in the range front (Dry,

Hoodoo, and Tough Creeks, for example) follow paleo-

drainages established in a pre-Middle Eocene erosion

cycle. The older channels may host additional Tertiary

deposits not yet stripped by erosion.

In the Precambrian granitic terrane of the Owl Creek

Mountains, minor drainages are exclusively controlled by

conjugate fractures (or fault) systems; individual streams

often follow zigzag courses across such terrain, abruptly

changing direction by 90 ° or more, reorienting from one
fracture set to another.

C. Climate

The climate of the Copper Mountain area is semiarid

with cold winters and relatively hot summers: tempera-

tures may fall to -55 ° F during January and February

and climb to above 100 ° F during July and August. Figure

9-3 gives average temperature and precipitation data as a
function of elevation.

D. History of Discovery and Development

Tertiary-age uranium mineralization occurs in crushed

granitic rock along major normal faults bounding the east-

ern part of the Owl Creek Uplift on its southern side.

Mineralized zones of possible economic interest, which

have been outlined by an extensive RME drilling program,

occupy portions of the southern halves of Sees. 27, 28, and
29 in T40N, R92W. The total area of potential mineral

interest under study by RME included portions of adjacent

granitic rock comprising the Canning Stock and portions
of the Tertiary sediment cover bounding the granitic rocks

to the south. The principal region for uranium interest lay

between lat. 43022'30 '' N and 43°27'30" N, and long.
107°48'45 '' W and 107055 ' W, or an area of 25 mi 2

(65 km').

Yellich et al. (1978) have provided the following sum-

mary of exploration and development at Copper Mountain.

In 1953, prospecting for uranium in the Copper
Mountain area encountered shallow surface occur-

rences. Uranium minerals are associated with both the
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Figure 9-3. Temperature and precipitation data as a function of ele-

vation for the Copper Mountain site (U.S. Department of Agriculture

Soil Conservation Service, 1981 )

Eocene Tepee Trail [Wagon Bed] Formation and the
Precambrian rocks. Identified uranium minerals are

autunite, meta-autunite, coffinite, uraninite, sooty

pitchblende and uranophane. Production began in
1955 (Osterwald et al., 1966) at the Little Mo-Arrow-

head Mine and continued to 1964 when Susquehanna

Western mined at an average grade of 0.15% U_O s.

Western Nuclear continued production from 1968-
1970. Uranium found within the Tepee Trail [Wagon

Bed] Formation is associated with hematitic alteration

'halos' and abundant carbon trash. Asphaltic material

is reported in the mining area.

Oxidized and unoxidized uranium minerals within the

sands and silts of the Tepee Trail [Wagon Bed] For-
mation were mined at the Bonanza Mine, A reported
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resourceof 30,000 tons of undetermined grade

remains in the ground (Osterwald et al., 1966).

An occurrence of schroeckingerite is found associated

with the Tepee Trail [Wagon Bed] Formation in

proximity to the granite surface. Shallow prospect pits

intercepted low-grade uranium minerals within coarse-

grained arkosic sandstone. Exploration by dozer was

done with no production (Osterwald et al., 1966).

Tertiary occurrences are also reported at the Day-

Berger Prospect where dozer exploration found ura-
nium minerals associated with bentonitic claystone

and freshwater limestone. Limited production has

been reported. Approximately two miles north of the

Day-Berger occurrence, uranium minerals occur at
the Hesitation Prospect within a claystone and sand-

stone matrix surrounding granitic, mafic and quartzite
boulders. A shallow 15-foot shaft was sunk with

subsequent exploration by dozer. The Tertiary debris
has accumulated within a north-south fault valley

with Precambrian granites on either side. No produc-
tion is known (Osterwald et al., 1966).

The De Pass Mine was sporadically active between

1879 and 1918 with copper, gold, and silver concen-

trates being shipped. Geologically, the mine is within
a brecciated fault zone of biotite and hornblende

schists, granite and diorite intrusions with some dia-
base dikes. Copper minerals occur in quartz veins as

carbonate (malachite and azurite) and sulfide (bor-

nite, chalcopyrite and chalcocite) minerals. Uranium

was reported from dump material in 1954 and was
later mapped in the old workings. Uraninite was iden-

tified with uranium assay values of 1.03%, 0.70% and

0.4 !% U 3° _within a brecciated quartz carbonate rock.

No uranium production is known (Grutt, 1954).

The Last Hope Prospect was initially evaluated by

shallow drilling and a 468-foot prospect drift which
allowed evaluation of the mineralized Eocene Tepee

Trail [Wagon Bed] Formation and the Precambrian

bedrock immediately beneath the sediments.

Uranium prospecting has continued throughout the
southern flank of the Owl Creek Mountains from

1950 to the present with pits, shafts, drifts and adits

being driven, as well as rotary drilling and coring.

Production approached approximately 500,000

pounds of uranium from 1955 1970.

Rocky Mountain Energy began land acquisition in 1960

with veins as the exploration target. Detailed under-

ground mapping of the Last Hope Prospect indicated
the association of uranium with fractures in the mafic

rocks. Asphaltic residue was reported dripping from

the back of the drift with uranium confined to frac-

tures in the mafic dikes, as well as dispersed in the

granites and overlying Eocene Tepee Trail [Wagon

Bed] Formation. Surface mapping of the area aided

projection of the complex structural features and the

variable rock types beneath the Tertiary cover (Voss,

1973). A truck-mounted radon gas analyzer was used

to further outline target areas, but the initial results

were inconclusive as a result of swampy ground con-
ditions in the test area to the north of the Last Hope

Prospect. A hole drilled near the Last Hope Prospect

to investigate supergene enrichment in the faulted

granite intercepted mineralized rock within the intensely

altered, structurally prepared, granitic and metamor-

phic rocks of the North Canning area.

III. Vegetation Cover

The Copper Mountain test site lies within the southwest-

ern temperate region of the northern Rocky Mountain

physiographic province. The southwestern temperate region

supports Sierra Madre flora (Benson, 1979), represented in
the area by species typical of Northern Juniper-Pifaon

Woodlands (Great Basin Woodland) and sagebrush deserts.

Generalized maps of the vegetation community types

present on and around the Copper Mountain area,

together with detailed plant species lists, were compiled as

part of an environmental impact assessment by RME. The

general distribution of plant communities, obtained with-

out regard to vegetation density, is given in Figure 9-4.

The dominant species present in each of these vegetation

communities are given in Table 9-2. The complete distri-
bution of plant species present throughout the area is listed

in Appendix A. Four plant communities, whose distribu-

tions are governed physiographically, are recognized:

(I) Sagebrush-grasslands. This community occupies

alluvial fans, outcropping Tertiary sediments, and

grus-covered granitic outcrops, mainly on pediments

along the base of the mountains. It also occurs along

sides of major drainages situated at higher eleva-
tions in areas of moderate to low soil development.

Estimates of the plant cover for these areas were
made during July 1981, using transects of 10-m

length at sites I and II in Figure 9-4. At site 1 the

average sage cover was found to be 26 percent with

variations from 13 to 54 percent. Clump grasses pro-

vided an average cover of 5 percent with variations

of 0 to 24 percent. Site II sustained an average

clump grass cover of 27 percent with density of

clumps as high as 53 percent. The areal density of

sage and grass cover is quite heterogeneous in gen-
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Figure 9-4. Distribution of vegetation community types for the Copper Mountain site (vegetation community map courtesy of RME)

(2)

eral. For example, ridge areas may have less than

1 percent sage cover, which increases to nearly 100

percent in proximity to intermittent stream courses.

Juniper woodlands. This community occupies grav-

elly and bouldery alluvial slopes and moderate to

steep rocky outcrops of limestone, sandstone, and

granitic rocks; the tree cover is highly variable.
Local dense stands of these trees are found along the

unconformity between the Cambrian and Precam-
brian rocks, and in narrow stream drainages incised

in high-standing remnant Quaternary gravel depos-

its. Transect measurements at a site of moderately

dense cover of this type where the influences may be

easily recognized in the multispectral scanner data

(site !II, Figure 9-4) showed a mixed assemblage

predominantly of sagebrush and .juniper (Juniperus

osteosperma) cover to be composed of 14 percent

sagebrush (range, 0 to 31 percent) and 26 percent
juniper (range, I 1 to 36 percent), with a total vegeta-

tion cover from these two types of 33 percent (range,

12 to 55 percent).
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Table 9-2. Dominantspeciesfor the vegetationcommunitiesas
ouffined In Figure9-4a

Vegetation
Community Dominant Species Common Name

Sagebrush- d rtemisia pedatifida Birdfoot sagewort
Grasslands A rtemisia tridentata Big sagebrush

Bouteloua gracilis Blue grama
Stipa comata Needle-and-thread grass

Juniper Agropyron spicatum Bluebunch wheatgrass
A rtemisia tridentata Big sagebrush
Bouteloua gracilis Blue grama
Juniperus osteosperma Utah juniper

Riparian A grostis exarata Spike bentgrass
A rtemisia tridentata Big sagebrush
Populus augustifolia Narrowlea f cottonwood

Meadow Agrop),ron smithii Western wheatgrass
A grostis exarata Spike bentgrass
Bromus inerrnis Smooth brome

_Data courtesy of R. Arjal, RME, 1982.

(3) Riparian woodlands. This community occupies the
bottom of modern watercourses. In these areas the

cottonwood canopy cover may approach 60 to 70

percent. Dense growths of sagebrush are found adja-
cent to these streams and in more scattered distribu-
tion beneath the dense deciduous tree cover,

(4) Meadows. This community is found along alluviated

stretches of modern waterways where surface drain-

age is slow or where there is ponding of ground-

water. In these areas, which are generally small, the

cover of grasses and sedges is essentially complete.

IV. Soil Types and Distribution

A. Introduction

The distribution of soil types throughout the Copper

Mountain test site is related to the (1) parent rock material

(substrate), (2) topography, (3) climatic factors, and (4)

Quaternary and Tertiary history of the area. Each soil unit

supports a characteristic vegetation assemblage. The fac-

tors governing soil development probably extend back to
pre-Eocene time, especially over areas that have been

recently (Holocene-Pleistocene (?)) exhumed by erosion

from beneath Eocene (Wagon Bed) and Quaternary sedi-

ment cover. The present distribution of soils represents the
superposition of Holocene climatic conditions upon an

early Tertiary weathering and erosion history.

A grus-covered red surface extends over the pre-Eocene

paleodrainage system, and it may be a manifestation of the

exhumed (pre-Eocene) weathering profile and superim-
posed modern weathering processes. The distribution of

soil units mapped by the Soil Conservation Service (SCS)

follows the distribution of paleodrainages, and individual

soil units locally correspond to older erosional surfaces,
The distribution of these soil units differs from the distri-

bution of Quaternary, Tertiary, and Precambrian rocks as

determined by conventional geologic mapping.

The aircraft multispectral scanner data have been used

to map the distribution of surface iron oxidation through-

out the area. These oxidation patterns closely follow the
distribution of erosion surfaces and mantled cover in the

paleodrainages, and reflect in part the distribution of soil

units that developed on erosion surfaces of the Precam-

brian granitic rocks.

Uranium accumulations in Precambrian rocks through-

out the area are intimately related to the distribution of

residual Tertiary sediment cover. The present distribution

of Tertiary sediments is closely tied to the distribution of
pre-Eocene topographic erosion surfaces. The distribution

of soil units emphasizes the Quaternary and early Tertiary

physiographic history of the East Owl Creek (Bridger)
Mountains.

B. SCS Soil Mapping

In the summer of 1981, the Lander, Wyoming, office of

the SCS completed a soil mapping project covering por-

tions of the Wind River Basin, Fremont County, Wyo-

ming. Mapping (1:24,000 scale) included the Arapahoe

Butte, Lysite, De Pass, Gates Butte, Guffy Peak, Picard

Ranch, Birdseye Pass, and Bonneville Quadrangles, and

covered most of the area overflown by aircraft scanners.

The Copper Mountain uranium test site covers portions of
the De Pass, Gates Butte, Guffy Peak, and Picard Ranch

Quadrangles.

Figure 9-5 shows the distribution of soil units compiled

from the SCS photographic-based mapping over the Cop-

per Mountain test site. Each of the 26 soil mapping units
that have been recognized within the area consists of a

complex of two or more soil series. Table 9-3 summarizes

important descriptive properties of the SCS's composite

mapping units. Vegetation types associated with the soil

units are summarized in Table 9-4. Table B-I (Appendix

B) provides examples of correspondence between the soil

and geologic mapping units, The geologic units are as

given by Thaden (1978, 1979, 1980a-1980e, 1981),

Soil units in the test site represent complex assemblages

genetically derived as residual deposits from the subjacent
geologic units or as horizons developed on colluvial and

alluvial materials. Soils on the colluvium usually represent
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Figure9-5. Soil map o! the CopperMountain site. Soil mapping unitsdesignatedby number and number-letter combinationsare described
in Table 9-3. (Compiled from 1:24,000 aerial photographmappingdata bySCS.)

a limited range of source materials (e.g., the Uffens Series
of unit 237, Table B-I), whereas soils on alluvium in

streams or older terrace gravels represent weathering of

mixed and diverse rock types (e.g., unit 2a32, Table 9-3).
Soils with significant eolian components have not been

mapped by the SCS.

The array of soil textures represented is diverse, ranging

from stony and channery soils (such as unit 2972) to clay

loam (such as unit 105). Clay and fine-textured soils tend

to develop from parent materials with large silt or clay size

fractions (Wagon Bed claystone and sandstone), whereas

those of coarse, stony texture are derived from gravel

deposits or granitic bedrock. The thickest soils develop in

alluvial deposits (unit 206), terrace gravel (units 231 and

2gl i), or older alluvium (unit 237) with low slopes, while

thin soils and weathering rinds (?) are found on rocky

exposures (unit 3109) or on loosely consolidated materials
with steep slopes (unit 372).

V. Regional Geology

A. General Geology

The geology of the Copper Mountain test site and sur-
rounding areas has been mapped by Thaden (1978, 1979,

1980a-1980e, 1981) and summarized by Yellich et al.

(1978). The regional geologic map of Figure 9-6, modified
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from Yellich et al. (1978), depicts the general distribution
of rock units and the occurrences of mineralized areas and

important mines throughout the area. Characteristics of
the formations discussed in the text are listed in Table 9-5.

B. Stratigraphy

1. Precambrian rocks. The Copper Mountain test site is

underlain predominantly by the Canning Stock, a Precam-

brian crystalline intrusive consisting of quartz monzonite,

microcline-albite granite, granite, syenite, and a two-mica

granite (Bramlett et al., 1980). A 3-km-wide belt of older

metasedimentary schists and gneisses of widely ranging

composition strikes mostly N 50 ° E to N 80 ° E and dips

primarily to the south across the northern part of the site.

As mapped by Thaden, metasediments are only locally in

fault contact with granitic rocks. Elsewhere the contacts
are intrusive (sometimes cataclastic) with the intrusive

rocks locally forming a rectangular megascopic box work

in the metamorphic country rock. Metasediments are

altered to migmatitic gneisses where they are next to large

bodies of granitic rocks or where they are included in the

granites as xenoliths.

Metasedimentary rocks (Table 9-5) are the oldest rocks

in the area, with ages estimated at 3100 to 3500 m.y. The

granitic intrusives have been dated at 2640 to 2720 m.y.
The last Precambrian intrusive event recorded in the area

consists of a N-NE-trending mafic dike swarm that has

been dated at 1900 to 2100 m.y. (Condie, 1967).

The Precambrian metasediments and igneous rocks are

overlain unconformably by the Middle Cambrian Flat-

head Sandstone, and above this formation by a succession
of marine and nonmarine sediments of Paleozoic and

Mesozoic age. Paleozoic sediments bound the exposures of

igneous and metamorphic rocks along the eastern and
northern limits of the study site.

2. Paleozoic rocks. The Paleozoic section above the

basal Flathead Sandstone includes siltstone, sandstone,
and limestone of the Middle Cambrian Gros Ventre

Formation; limestone and siltstone of the Upper Cam-

brian Gallatin Formation; Bighorn Dolomite of the Upper

and Middle Ordovician age; dolomite, limestone, and

sandstone of the Mississippian Madison Limestone; and
sandstone, siltstone, and limestone of the Middle and

Lower Pennsylvanian and Upper Mississippian Amsden
Formations. The uppermost Paleozoic formations present

are represented by the Tensleep Sandstone of the Middle

Pennsylvanian age, and the Permian Park City Formation

composed of limestone and siltstone.

3. Mesozoic rocks. Mesozoic formations are exposed

mostly in the Arapahoe Butte Quadrangle to the northeast

of the main study area, and in the Birdseye Pass Quadran-

gle to the west. The Mesozoic rocks include siltstone of the

Lower Triassic Dinwoody Formation; siltstone and clay-
stone of the Lower Triassic Red Peak Formation; Alcova

Limestone of the Triassic age; sandstone, siltstone, and

claystone of the Upper Triassic Crow Mountain Sand-

stone; siltstone, claystone, limestone, and sandstone of the

Middle Jurassic Gypsum Springs Formation; sandstone,

limestone, and claystone of the Upper and Middle Jurassic

Sundance Formation; and sandstone of the Upper Jurassic
Morrison Formation.

4. Tertiary rocks. To the south, granitic rocks exposed
on an erosion surface at the base of the mountain (and

including Paleozoic sediments where they are exposed in

Steffen Hill) are covered by an overlapping sequence of
Lower Eocene sediments of the Wind River Formation,

and by the overlying Upper and Middle Eocene rocks of

the Wagon Bed (Tepee Trail) Formation. The Wind River
Formation consists of siltstones, sandstones, and claystones

with coal beds, with some claystones representing volcanic

(bentonitic) material. The Wagon Bed Formation is pre-

dominantly volcaniclastic claystone and sandstone com-

posed of vitric and crystal vitric tufts with locally derived

detritus; included in the basal part are boulders of Paleo-
zoic and Precambrian rocks shed from the mountains

along paleostream channels.

According to Thaden (1980d) the Wagon Bed was

deposited on an extremely rough paleotopographic surface

and possibly buried the mountains at one time. Most of

the Wagon Bed has now been eroded away, leaving only
thc resistant basal boulder accumulations and other fine

detrital deposits in large paleodrainages or in graben.

5. Quaternary rocks. Quaternary sedimentary rocks

form elevated alluvial fan and remnant terrace deposits as

well as deposits along major and minor contemporary

drainages at the base of the mountains. The clast composi-
tion and size of these deposits are highly variable from

place to place, reflecting variations in source material

within the range as well as conditions of deposition.

C. Structure

Copper Mountain, with its core of Precambrian granitic
and metamorphic rocks flanked on the north by Paleozoic

sediments, is the result of southward thrusting of basement

rocks during the Laramide orogeny. The toe of the thrust
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e. Structure. Throughout the map area of Figure 9-23,

Tertiary and Quaternary sediments onlapping the igneous

and metamorphic rocks in the mountains to the north are

broken by a series of NW- to nearly E-W-trending,

steeply dipping normal and reverse faults. On the western

side of the area the Wind River and Wagon Bed Forma-

tions are exposed in a series of horsts and graben bounded

by such faults, with Wind River sediments occupying the

horsts and Wagon Bed rocks filling the low areas; 750 to

! 500 m west of the West Fork of Dry Creek (Sec. 2, T40N,
R93W, and Sec. l l, T39N, R93W), the Wind River sedi-

ments are buried beneath the Wagon Bed cover. These

boundary faults continue eastward through the Wagon
Bed sediments and are covered by Quaternary terrace

gravels or more recent alluvium along the West Fork of

the Dry Creek.

The Cedar Ridge Fault (Figure 9-23) is a major north-

dipping normal fault trending roughly northwest along the

southern portion of the area. The measurable displace-
ment is on the order of 200 m (Thaden, 1980c, 1980e). The

Cedar Ridge Fault evidently produced high-standing ter-

rain to the south throughout Wagon Bed time (Upper and

Middle Eocene), permitting Wind River sediment to be

reworked into the Wagon Bed section and contributing to
a large thickness of these later rocks to the north of the
fault.

Faulting has spanned the interval from the Lower

Eocene to the present. Many of the structures are covered

by gravel deposits. Some, however, cut the gravel caps

(Secs. 10 and 11, T39N, R92W). Faulting has continued

into the present, with offset of the asphalt pavement on the

highway 2 km south of Lysite at least twice since 1969
(Thaden, personal communication, 198 I).

2. Detailed interpretation of the NS-001 image for the

western porfion of the southern line

a. PC images. Various CRC and PC images of the Cop-

per Mountain NS-001 data were prepared for geologic

mapping studies and for analysis of uranium-related

surface-oxidation problems. Visual inspection of these

image products lcd to the selection of the PC images as

presenting the greatest diversity of rock units and vegeta-

tion patterns. Two versions of PC images were subse-

quently analyzed, those based on computations from the
covariance matrix for the northern line and those esti-

mated from computations from the covariance matrix for
the southern line (Figure 9-22). The northern-line rendi-

tion is used here because of the superior presentation of

suspected uranium-related alteration effects in the granitic

rocks. As pointed out in the Lisbon Valley, Utah, Uranium

Test Site Report, Section 8, Appendix C, and as discussed

below by example, the PC method has the advantages

that: (1) it is an easily implemented linear reduction (data

compression) technique, (2) it is largely independent of

atmospheric and instrumental factors, (3) images are trans-

formed (contrast-stretched) in such a way as to separate

groups of points related to individual units as much as pos-

sible (i.e., the space is dilated by the contrast stretch), (4)

the PC transformation is representative of the average

scatter of points in character space without regard to spe-

cific knowledge of where major clusters reside, and (5)

higher-order components (second, third, etc.) are mostly

independent of simpler surface albedo effects.

Probably the greatest disadvantage of this method is

that it tends to reduce surface resolution by introduction of

noise into the image data. This noise component is largest

for the higher PCs because the scatter in these principal

directions approaches or falls below the inherent noise

level of the scanner data themselves. The components may

also be difficult to interpret in terms of ordinary spectral
reflectance.

Figure 9-24 is a PC image covering the western one-third

of the southern NS-001 flight line at Copper Mountain corre-

sponding to the area shown on the geologic map (Figure
9-23). In this rendition the second (V2=blue), third (V3=

red), and fourth (V4 = green) PCs have been empk)yed. The

covariance matrix used for the transformation, given in

Table 9-9, has been estimated from a sampling of radiance

data for the entire northern flight line, and then applied to
the southern as well as northern image tracks.

An appraisal of the "physical" significance of these com-
ponents can be made approximately by utilizing an eigen-

vector correlation diagram for the covariance matrix

(Figure 9-25). The procedure is similar to that used for

analysis of the PC images for the Lisbon Valley, Utah,

Uranium Test Site Report. Section 8. The eigenvector cor-

relations for the present data in fact show great similarity

to those derived for transformation I of the Lisbon Valley

NS-001 data given in Figure C-2, Section 8. Thus the
second and third components reflect a substantial contri-

bution of vegetation, while the fourth component appears

to include a contribution predominantly from rocks

exposed at the surface. The details of this analysis have

been presented in Appendix C and will not be repeated
here.

b. Color relations in the PC image. Direct interpretation

of color PC composite image data in terms of average sur-

face spectral reflectance is ordinarily not possible because
the transformed scanner radiances are linear combinations
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Figure9-24.NS-001PCimagecoveringwesternone-thirdofthesouthernflightline(Mission407,August29,1979).Imagepreparedusing
sevenchannelsofdata.PCshavethefollowingcolor assignments: V2 = blue, V3 = red, and V4 --- green. Numbers such as 274 and 2911

refer to soil units given in Figure 9-5. Refer to index mapping and image interpretation (Figure 9-22) for location of area. Circled letters and

numbers are places referred to in the text.
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Table 9-9. Copper Mountain NS-001 northern line covarlance
matrix, August 1979 (2,255,400 samples)

1413.47

i475.19 1579.02

1479.70 1599.83 i750.18
1202.41 1341.97 1440.72

1081.59 1199.35 1310.78
1231.05 1327.23 1471.03

1343.89 1448.62 1603.88

i480.74

1349.41 1330.13

1243.22 1258.88 1455.61
1308.74 1276.05 1512.30 1751.60

of the original bands and are further rescaled by linear or

nonlinear transformations for display as images. Thus the

spectrum represented by a p-dimensional PC could only be

recovered if all p-components were available. The data

from such an image thus cannot ordinarily be inverted to

the reflectance spectrum, even if numerical equivalents of

the colors were provided. The strategy for spectral analysis

of such images must involve the additional steps of

reexamination of the image radiance data, and a calibra-

tion of these data in terms of ground reflectance. This

additional step will not need to be made here, since the

discrimination properties of the NS-001 data are of princi-

pal interest.

To aid interpretation of the PC images presented, a

simple color key (Table 9-10) is given delineating the cor-

respondence between geologic unit or cover type (princi-

pally vegetation) and image color. These are qualitative

descriptions, but approximate numerical values for the

PCs can be determined by reference to a three-component

color additive chart (Figure 12-32, Lost River, West Vir-

ginia, Petroleum Test Site Report) if such numerical values

are needed.
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Figure 9-25. Eigenvector correlation diagram Ior Copper Mountain NS-001 image, southern line, based on covariance matrix
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Table 9-10. Color key for PC image (Figure 9-24) a

Geologic Unit or Cover Type b Colors on PC Image

Vegetation-Green grasses, shrubs, or

deciduous trees with high leaf density and

strong green pigmentation. Appear deep

ruby-red or dark gray-green on false-color

infrared photographs

Vegetation - Dense cover of juniper

(Juniperus osteosperma) with interspersed

sage and grass.

Vegetation Conifer (limber pine) and

deciduous mixture with deep shadows in

canyon bottoms.

Vegetation Overbank areas of modern

stream. No specific interpretation possib!e.

Deep shadows.

Highly reflecting buff, tan, or white outcrops

(Twb, Twr).

Dark gray-brown alluvial flats (Qg).

Dark gray and brown outcrops with tan and
reddish chromolithofacies (Twr).

Dark gray and dark gray-brown outcrops

fAg).

Bright orange and tan rocky outcrops

(oxidized Ag).

Light tan and light brown rocky outcrops

(unoxidized Ag).

Medium and dark brown outcrops

(Cf, Cgv, Cg).

Deep, moderate, or light blue colors correlate

with deep to sparse red and dark gray-green

on color-infrared photographs

Blue to bluish-purple and bluish-black

Deep blue

White (saturated)

Dark brownish-black

G ray-green to olive-green

Red-brown, olive-brown, and brown

Red and red-orange, greenish-red-mottled

where bedded tan or reddish units present

Deep orange and deep reddish-orange mixed
with brown, and saturated red

Pink

Green, yellov,,-green, and yellow-gold

Magenta, red, and orange-red

Light gray and buff gray outcrops (Mm), Blue-green

;'The color assignments for PCs are V2 = blue, V3 - red, and V4 = green.

_' Qg Quaternary terrace gravel

Twb Wagon Bed Formation
Twr Wind River Formation

Mm Madison Limestone

Cg Gallatin Formation

Cgv Gros Ventre Formation

Cf Flathead Sandstone

Ag Archean granite

c. Plotting of interpretative boundaries. Interpretative

boundaries presented on the overlay of Figure 9-24 for the

most part are drawn surrounding areas of different color

on the image. Many of these color differences are obvious,

such as the red-green boundary at (_)in Figure 9-24. Oth-
ers are more subtle, such as at (_), requiring considerable

study to establish. Not all interpreters would locate such

boundaries in the same places, and the boundaries drawn

could, in any case, differ in detail depending upon the pre-
cise cosmetic stretches and color assignments employed in

constructing the images. Experience shows that differences

in interpretation by more than one observer usually hinge

on how image units are lumped together in the interpreta-

lions, not upon the ability to distinguish between the possi-

bilities present.

d. Stratigraphic and lithologic problems. Comparison of

the image interpretation (Figure 9-24) with the geologic
map (Figure 9-23) discloses a substantial similarity

between the two. Nearly all of the extensive Quaternary,

Tertiary, Paleozoic, and Precambrian formations depicted

on the geologic map can be mapped separately in the

image data, and some formations may be further subdi-
vided into distinct surface units. From examination of

aerial photographs these additional subdivisions may rep-

resent unmapped intraformational beds, vegetation cover.
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slope wash deposits, or partly shaded slopes. The actual

stratigraphic significance of any of the image units so depict-

ed must usually be worked out by field studies or examina-

tion of aerial photographs. However, lateral continuity is

easily established for most of the formations mapped.

Precambrian rocks. Locally, Precambrian metasedi-

ments, (_), are easily distinguished from enclosing granites

of the Canning Stock, (_), based on differences in image

color. The granitic rocks themselves are divided into unox-

idized green, (_, and oxidized (weathered) pink, (_),

phases. This subdivision of the granitic terrain has been
studied in relation to the tlranium deposits and will be
described in detail below.

Paleozoic outcrops. The only exposures of Paleozoic rocks

present in the restricted image and map areas of Figures
9-24 and 9-23 occur in Steffen Hill. As examples, the
Cambrian Flathead Sandstone, (_), and the Gros Ventre,

(_), and Gallatin, (_), Formations are depicted in red and

red-orange colors and the Mississippian Madison Lime-

stone in green, (_). Talus deposits from topographically

higher Madison outcrops, (_), obscure the subjacent Gal-
latin rocks.

Tertiary formations. Extensive exposures of Wind River
Formation sediments are found south of the trace of the

Cedar Ridge Fault. Two ima_:_ units are depicted: a red

and red-green mottled unit, 1_ corresponding to dark-
brown and gray interfingering outcrops, and a green unit,

G, that represents generally lighter-colored sandstone.
Red and red-green mottled units at Q, Q,and Q
correspond to chromolithofacies as mapped by Thaden

(1980e). While some general subdivisions of Wind River

rocks have been made that correspond to these facies as

mapped, the stratigraphic intermixing is in general at too
fine a scale, and the color differences between units too

subtle, to be depicted in these image renditions.

Sediments of the Wagon Bed Formation are nearly uni-

formly green, (_), throughout the image area except
where the formation contains external boulder trains of

metamorphic rock types derived from adjacent Archean
metasedimentary outcrops, Q. Green units of Wagon

Bed and green units of Wind River sediments may,,.b.e, difl:i-
cult to separate. Compare, for example, areas _) and

(_. Some of this similarity results from reworking of
Wind River sediments into the Wagon Bed.

Quaternary deposits. In general, Quaternary deposits,

including pediment-capping terrace gravels, older allu-
vium, and modern stream deposits, are easily separable in
the image data. Quaternary fan and terrace gravels, (_,

along the West Fork of Dry Creek may be broken into
units of differing age based on elevation differences and

image color patterns. These subdivisions will be discussed

below in greater detail. In general these deposits can be
related to source rock type based on the image colors,

especially where vegetation cover is not too great. As

examples_,lgredominantly dark metasedimentary clasts
occur at (16)and Cambrian sandstone and siltstone gravels

at (_. Co_uvial or older alluvial deposits, (_, represent-

ing slope wash from granitic terrain, are easily separated

from the adjacent source outcrops in this area covering

green facies of the Wagon Bed Formation. Modern allu-

vial deposits along watercourses are often heavily vege-

tated, appearing deep blue in the image. Where

unvegetated, these deposits may also reflect the source

rock types, such as at (_), where oxidized granitic and
Cambrian sandstone units contribute to the deposits.

k_,ult structures._ Fault structures can be recognized in

the Precambrian, Paleozoic, and Tertiary rocks, and a few

examples of these will be described here. Major faults

bounding horsts and graben in the highly colored Tertiary
section located in the west-central part of the image area

(location (_ is such a boundary) are clearly depicted by

color contrasts in the adjoining image units. Faults con-
fined to the Wind River Formation, such as the Cedar

Ridge Fault at _, are less conspicuous, but are in part
delineated by alignments of ridges and valleys cut in the

soft Tertiary rocks.

Numerous normal fault structures divide the Paleozoic

and Precambrian rocks in Steffen Hill into a series of len-

soid and rectangular fault slices. Some of these structures

may be traced in a broken fashion across the inlier by vir-

tue of the strong color contrasts in rock units across them.

Faults or fractures confined to the granitic rocks are usu-

ally aligned with conspicuously straight stream courses;

most such canyons are sharply V-notched in cross sections,

are partly in shadow, and contain thick stands of conifers
and deciduous trees. These conjugate alignments, marked

by blue traces on the image, stand out against the usual

green and yellow-gold colors of the background in unfrac-

tured granitic rock.

Recognition of faulting that may cut the Quaternary

deposits is more problematical, because these sand and

gravel units tend to appear homogeneous on the images.

Pl'his term replaces "lineament" in the present report and describes fea-

tures that almost always relate to fractures, whether or not displacement

can be recognized in the bedrock.
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Places can be found however (near 0"])) where enhanced

growths of vegetation (perhaps senescent grasses) are
thought to occur throughout the Quaternary gravel out-

crop. Vegetation produces dark (blue to black) hues in the

image colors at these places. The darkened zones coincide

broadly with steeply dipping normal faults of a few meters'

displacement that are mapped cutting the Wagon Bed
above. Thus the images suggest enhanced growths of vege-

tation in the thin covering of Quaternary gravels that coin-

cide with fault patterns recognized in the older unit. These

fault patterns follow the Cedar Ridge Fault or faults

branching from it. The vegetation patterns easily outlined

on the image probably mark the damming of groundwater

along the fault.

3. Comparison of the NS-001 images with the geologic

maps for specific areas 2

a. Introduction. While geologic quadrangle mapping of

the area covered by digital aircraft scanner data was

accomplished during 1967 through 1974, the NS-001 data

became available only in the spring of 1981. and have
been used retrospectively in an attempt to confirm or to

deny geologic interpretations found in earlier published
maps. Mapped relations between surface units tend to be

confirmed by the images.

Preliminary study of the images demonstrated immedi-

ately that the pixel size of about 12 m is a vast improve-

ment over that of the Landsat MSS images, making it

possible to compare the images with the geology at the rel-

atively large scales ordinarily of most interest to geologists.

More importantly, the images render rock facies in highly
saturated, contrasting colors, which are not normally

attained by any of the color reversal films (e.g., the Kodak

244x series or the GAF D/200 or D/500 films), however

carefully filtered or sparse the vegetation cover.

Interpretation of the images must allow for certain
inconsistencies in the colors due both to natural and to

mechanical effects. Of greatest importance are:

(1) A color change of single stratigraphic units beyond

any small area that may be due to electronic and/or

photographic manipulation or drift, but that cannot

be attributed to a change of facies.

(2) A darkening on north-facing slopes, as on the south

walls of canyons, due to an extraordinarily oblique

sun angle or to the presence in these places of excep-

tionally heavy vegetation.

:This section was prepared mostly by R. E. Thaden, 1981.

(3)

(4)

(5)

(6)

(7)

A darkening, even to black, caused by the presence

of heavy vegetation at any place, but especially in

stream valleys and other places where the water
table is at or near the surface.

Color changes due to differences in the type of vege-

tation growing on a single lithology, as between

grassy areas and areas vegetated by the big sage-
brush (A rtemisia tridentata).

Color changes in areas of Quaternary or Holocene

surficial cover due to gradation over short distances

from thick to thin deposits, or gradation from nearly

pure deposits derived from the weathering of a

single homogeneous stratigraphic unit to deposits

that contain a blend of a laterally changing mixture

of materials derived from heterogeneous sources.

Color changes in the Quaternary deposits along the

range front that signify differences in source
material.

Color changes that can be attributed to certain kinds

of chemical changes in the rocks, such as the argilli-

zation of some rock units in an area by hydro-

thermal activity or by reaction with adjacent rock

units of contrasting chemical nature; ferrugination

by deposition of iron oxides, hydroxides, or sulfates

from the presence of acid surface waters or ground-

waters; or a valence change of iron in ferruginous
minerals from the ferrous to the ferric state.

b. Comparisons

Various stratigraphic examples. Erosion and removal of

soft Tertiary units which lap onto the Owl Creek Moun-
tains in this area, and which likely buried the mountains at

one time, have resulted in a well-developed pediment sur-

face that subsequently was covered by a deposit of cobbly

gravel. The gravel is derived from erosion of indurated

older rock units in the mountains, composed mostly of
granitic and metamorphic rocks. Continuing erosion dis-

sected the pediment and resulted in a series of younger,
lower, partially developed pediments, each of which is also

capped with gravel. In Figure 9-26(a) (also Figures 9-23

and 9-24 where sites (_ through Q are denoted), the

deposit at (_) is a pediment gravel cap of metamorphic

clasts on the highest pediment level, as are also the simi-

larly_, olive- to brown-colored pediment caps.,_to the west at

. Still other capping gravels occur at A_, where they
are too thin to be mapped. These deposits are more exten-

sive on the image than on the geologic maps because geo-
logic mappability was defined as a thickness of at least

1.5 m, whereas the image data depict distributions that are

effectively of vanishing thickness.
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Although a pediment cap of metamorphic clasts on a

lower pediment at (_) appears degraded in color relative to

those at and west of (_), it too exceeds the definition for

conventional geologic mapping. Only south of (_) is it

eroded to extreme thinness in many places, with only a

thin or single layer of gravel remaining on the pediment

surface. The color change is related to incorporation in the

gravel of (!) large quantities of fine-grained material of

nonmetamorphic origin, (2) fluvial detritus derived from

the Wagon Bed Formation and exposed on the scarp at the

southern edge of the higher pediment surface to the north,

and (3) mostly windblown material carried in from the

west through the topographic low of the West Dry Creek

graben. These rather quartzose materials apparently add a

yellow component to the olive-brown color of the meta-

morphics, a yellow similar to the yellow of nearby outcrops
of such other quartzose units as the Wind River Formation

and the granite. At sites Q (Figure 9-26a) and Q (Fig-
ure 9-26b), the contributions of different source materials

change the color of the geologic unit represented. Thus at

Q the gravel deposits are predominantly composed of
granitic clasts, while at _ the gravels received contribu-

tions from (green) Paleo--zoic limestones higher in the

range. The Quaternary gravel deposits may also be subdi-

vided in the image data. These problems are discussed sep-

arately below.

West of(_) is the West Dry Creek graben. The graben is
filled with volcanic ash-fall materials of the Late Eocene

Wagon Bed Formation (Twb). This formation is rendered

mostly in green and medium olive-green throughout the

images. The graben is bounded on the south by a highland
of faulted Early Eocene Wind River Formation and on the

north by a horst, (_), also of Wind River, which also

stands topographically high. This unit is rendered mostly

in rose-red and yellow-green, with purple on partially

shadowed slopes. The faulting that produced these struc-

tures took place (or was reactivated) during deposition of

the Wagon Bed Formation which, in this area, was depos-
ited on top of the Wind River. Consequently the Wagon

Bed contains in many places, and especially in places prox-

imate to outcrops of the Wind River, large quantities of
detritus derived from the Wind River by gravity and flu-

vial wash. The Wagon Bed also contains, here and else-

where throughout its belt of outcrop, detrital materials
derived from other pre-Wagon Bed units. Mostly this

detritus was deposited as thin fan wedges of quartz-rich

sand in the enclosing Wagon Bed ash beds.

What is of interest in the West Dry Creek graben area is

the relative confirmation by the images of the contacts

mapped by the geologist of these rock units that, because
of the detritus included in the Wagon Bed, look very much

alike in many places on the ground. North of (_ the horst

gradually is buried to the east under a cover of Wagon Bed

and pediment deposits. The color change on the image
indicates burial at a point virtually identical with that

mapped in the field (Figure 9-23).

North of (_ (Figure 9-26a), however, the images and

mapping disagree (compare with the geologic map, Figure

9-23, at (_). This is an area where the Wagon Bed filled a

valley in the preexisting rough topographic surface of the

Wind River. The Wagon Bed includes detritus washed or

fallen from topographically high areas of the Wind River

and a thick, persistent, quartz-rich sandstone of unknown,

but probably Wind River, origin. In addition, the Wagon

Bed is covered by a thin and discontinuous layer of cob-

bles of metamorphic clasts that have washed down from

topographically higher __,ediment gravel deposits. A drill
hole just northwest of _ encountered Wind River at a

depth of 21.8 m; however, the image does not identify

Wagon Bed on the surface by appropriate colors. This may
be an example of reworking of older into younger sedi-

mentary units without perceptible image color change.
One area of the sandstone bed just northeast of(_) is satu-

rated with interstitial, dead, inspissated petroleum residue

that leaked up the nearby fault and gave the sandstone a

brownish aspect. It also is possible that residues ofpctrolif-
erous fluids, sensible to the scanner but unrecognized on

the ground because the sandstone is not discolored,

impregnate the sandstone in a large surrounding area.

Location (_) (Figures 9-23 and 9-26a) is a place that

worried the mapping geologist for several years. Both east
and west of the stream to the north of (_) is hilly ground

similar to that which characterizes the Wind River. In

addition, the beds east of the stream look decidedly like
those west of the stream and both look like Wind River-

thick beds of clasts derived from Paleozoic and Precam-

brian rock units, sandstone beds, and siltstone and clay-

stone beds. Yet the cobbles west of the stream are mostly

unweathered and ring when struck by a hammer, whereas
those east of the stream have had all feldspars altered to

clay and can be gouged with a finger. The similar appear-
ance of the beds on either side of the stream had led earlier

geologists to consider both outcrops as Wind River (Tour-
telot, 1953). But careful observation of areas where the

clasts are altered, together with recognition of the many
other criteria that define the two formations, led to the

mapping of a natural contact of Wagon Bed on a rather

steeply eastward-sloping topographic surface cut on the
Wind River west of the stream. The image very gratify-

ingly exhibits the green colors of the Wagon Bed in the

places where the Wagon Bed was mapped, not only east of
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the stream north of(_), but also south of(_), as shown on

the geologic map.

An alternate interpretation by the senior author of the
area at (_, using both aerial photographs and images,

suggests a modified picture from that given on the pub-
lished maps. In this interpretation (Figure 9-27) the ridge

of sediments containing hills 5570 and 5571, and mapped

as Wagon Bed, has sediments protruding as knolls at these

high points that are indistinguishable from Wind River in

the image data. The Wind River contains 60 m or more of
erosional relief and is mantled by Wagon Bed sediments,

possibly with intermixed Wind River debris weathering

from its slopes. The lobe of Wagon Bed sediments mapped

by Thaden (1980d) (center, Sec. 11, T39N, R92W) is

indistinguishable from the Wind River section, according

to the image data. The Wagon Bed can be divided into two

stratigraphic units in the E 1/2 and NE 1/4 of Sec. 14;

both units rest with a possible large initial southeast dip on

an irregular, dissected Wind River surface. The Wagon
Bed and Wind River sediments are both overlain to the

east by deposits of Quaternary gravel.

The contact of the Wagon Bed with the Wind River is

well shown by the images in other places, too. The Wagon

Bed surrounding (_) (Figure 9-26a) is choked with detritus

from the Wind River that stands as a high fault scarp to

the south. A well-displayed natural contact of the two for-
mations extends east from _) (Figure 9-26a) and north-

west from (_) (Figure 9-26a). Wash of detritus from the

Wind River is shown (yellow and yellow-green) covering

the outcrop of Wagon Bed (green) in the area east and
west of(T)(Figure 9-26a).

Mesozoic rock units are not discriminated well by the

images in many places. Most of the outcropping Mesozoics

are easily eroded maroon siltstones and sandstones; conse-

quently there are large areas where thick and extensive
deposits of alluvium derived from these rocks are contig-

uous with the outcrops, and the two are not separable on

the image. The alluvium surrounding (_ (Figure 9-28b)

and extending north into a terrain of exposed red beds is

one such place. Where the bedrock is partially covered by

a thin lag of cobbles in areas of formerly more extensive
gravel deposits, the color on the images is mottled yellow

and orange rather than the dark pink of the bedrock, as at

(_ (Figure 9-28b). Likewise, disaggregated red beds

deposited as alluvial fans, the loose material of which has

been partially redistributed by wind, also show as mottled

llow and orange on the image at (_ (Figure 9-28b) and
(Figure 9-28b).

On the other hand, there are other places where the
images display Mesozoic lithologic units with great fidelity.

The complex graben of Sundance rocks at _ (Figure

9-28b), mostly pale sandstones and calcareous claystones

dropped into the underlying red bed sequence of the Crow
Mountain Sandstone and Red Peak Formation, shows well

on the image, as do also the two large outcrops of Sun-
dance to the south. The limy beds tend to be green on the

image. Outcrops of red beds protruding through the
Wagon Bed in the area around (_) (Figure 9-28b) nearly

perfectly match the geology as mapped on the ground.

Even very small outcrops 9_f,,red beds protruding through
the Wagon Bed, as above _, show on the image.

In general, outcrops of Paleozoic rocks appear to be only

poorly to moderately well-discriminated by the images,
perhaps because they tend to hold moisture better and to

offer a better anchor against wind for the root structures of

plants than do the younger rocks and to support, therefore,
a denser floral cover. The distribution of the Madison

(QI') , in Figure 9-28(b), and the limestone ofLimestone,

the Permian Park City Formation is shown fairly well by

green color in the large area of Paleozoic rocks in the

northeast corner of the image and along the eastern flank
of the Owl Creek Mountains. The limits of the Cambrian

and Ordovician rock units are difficult to discern, however.

Precambrian units. The Precambrian units in this area

consist of granite enclosing three sequences (Hamil, 1971)

of pelitic schists. The two rock types, which crop out in the

western half of the image, are easily distinguished even, if

one is careful, where massive quantities of granite and

granitic pegmatites have been injected into the schists as at
(_ (Figure 9-28a) and eastward. On the ground schist

units are nearly uniformly black except for some thin,

silvery-gray, mica-rich units and a few narrow zones of

thin quartzite lenses. Individual schist sequences are not

clearly discriminated on the image. The middle unit, about
910 m wide centered on (_) (Figure 9-28a), extends as a

light-brown unit from the large granite outcrop (_reen)
north of (_) to the main stream junction south of (_ But

the color difference between it and the bounding schist

units does not persist either east or west along the belt of

outcrop.

Two places in the granite show pink on the image, one
north of Steffen Hill at (_ (Figure 9-28a) and the other

farther east-places that may represent areas of deuteric

alteration. North of Steffen Hill the granite is cut by late

magmatic granitic dikes and by specularite-rich quartz

veins. Although specularite-bcaring veins were not seen in

the eastern pink area, that area is also rich in iron and

"rusty" in many places. It includes a considerable volume

of granite in which the feldspars are green and iron-rich.

Complicating the picture, however, is the fact that the
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whole drainage basin north and east of Steffen Hill was

also an area drowned for a considerable length of time by

ponding of the drainage north of the Cedar Ridge Fault
3 or 4 km to the south. What the chemical effect was of the

intimate contact of the granite with the overlying Wagon

Bed in a saturated environment for a long period is not
known.

Faults. The Cedar Ridge Fault, poorly discernible both
on the image and on the ground west-southwest from (_)

(Figure 9-26b), is nicely marked by ponding and the

growth of vegetation in a series of drainages for a consider-
able distance east from (_). Beyond that, the fault can be

traced to the east edge of the image by the color difference

between the Wind River to the south and the Wagon Bed
to the north, modified and confused in places by the pres-

ence of various kinds of surficial deposits.

Cultural features. Cultural features are well shown: (_)

and (_) (Figure 9-26a) are oil wells; the two features east

and west of(_ along the road are recently occupied drill-
ing pads; the black marks above (_) and Q0 (Figure 9-28a)

are tailings piles of unweathered metamorphic rock at the

McGraw and Williams-Luman Mines, respectively; and

(_) (Figure 9-28b) is a ranch house with outbuildings and

trees. The easily discernible airstrip east of the ranch house

shows on the image by virtue of the removal of the sage-

brush. The soil is nearly undisturbed.

4. Subdivision of Quaternary gravel deposits using topo-

graphic and image data

a. Introduction. The extensive deposits of Quaternary

gravel found along the West Fork of Dry Creek form fans

and other deposits capping the pediment surfaces. Exam-

ples of these deposits were pointed out previously on the
image data. In the geologic mapping (Thaden, 1980d,

1980e) all such deposits have bcen lumped together into an

undivided gravel unit (Qg), but they may be broken into a

number of topographically distinct subdivisions. The

gravel units and their dissection may thus provide a record
of Holocene to Pleistocene tectonic uplift along the range

front. For example, a rate of uplift could be computed if

ages for terrace deposits were obtainable. The principal

concern here is to provide a means of mapping and differ-

entiating these deposits.

The distribution of these gravels, as shown by the image
data, is much more extensive than outlined on the pub-

lished maps. The gravel units are also not uniform in

appearance. The reason for this is that geologic boundaries

were placed where gravel units are 1.5 m or greater in

thickness. The image data rccord the distribution of the

talus or lag deposits that are sparse but largely continuous,

perhaps only a few pebbles in thickness.

Inspection of the geologic map (Figure 9-23) and topo-

graphic relations for the (Qg) gravel deposits along the
West Fork of Dry Creek discloses the presence of multiple

Holocene to Pleistocene gravel units to either side of that

drainage. These units have statistically distinct signatures

(as represented by the PCs) in the scanner data, which may
be used to map the gravel distributions without recourse to

the topographic relations.

b. Topographic and geologic relations. The distribution

of Quaternary alluvial and older gravel deposits along the
West Fork are shown in Figure 9-23 ((_ to @ to (D), as

taken from the mapping of Thaden (1980d, 1980e). From

analysis of the topographic relations alone, these alluvial

deposits may be broken into six groups (Figure 9-29). To

do this, simplifed or generalized contour maps were pre-

pared averaging the topography over the outcrop of each

gravel or alluvial unit. Such contours represent approx-

imately the original topographic surface before extensive
dissection or stripping of the gravel had taken place. The

deposits interpreted and mapped in this way, labeled Qgl
through Qg5 in Figure 9-29, have surfaces reconstructed in

such a manner that they are distinct from one another, are
continuous for each unit, and are characterized by regu-

larly spaced contours. An example of the type of complete

idealized fan-shaped forms expected is provided by Qgl.

The topographic elevation relations between all alluvial

units mapped may be made clear by projecting each gravel
or alluvial surface onto the line of the cross section NS

(Figure 9-30). The topographically highest gravels repre-

senting the oldest deposits are designated Qgl. These grav-
els were once of greater extent, and probably covered the

pediment surface whose nickline is shown at the top of the

map. Successively younger (i.e., topographically lower)

units, Qg2 through Qg5, are separated from each other by
vertical intervals of 50 to 70 ft. When the profile for Qg4

and Qg5 is examined, it is clear that the lower of these two

(Qg5) may be extrapolated upstream to connect unbroken

with the upper example (Qg4). This suggests that the two

deposits may be the same, with the lowest part of the Qg5
elevated and bowed upward by normal faulting on the
eastern side of the modern stream course. No evidence of

longitudinal faulting along the stream has been found. The

youngest deposits, consisting of dunes, older alluvium, and

modern alluvium, all essentially fall along the approximate

projected modern stream profile, which is topographically

up to 70 ft below the level of Qg5 and as much as 190 ft
below the level of other units (Qg3). Unit Qoa lies on flat,

alluviated floodplains 10 to 20 ft above Qal, but this small

difference is not depicted in the cross section.
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]Qd Dunes (Holocene}

]Qal Alluvium (Holocene)

Qoa Old Alluvium (Holocene)

Qg5 ]

Qg4 /

Qg3 }. Gravel

Qg2/(Hotocene and Pleistocene)

/
Qgt ]

Generalized Contours on

Alluvlsl Deposits

,=_,H_,_, 5500 Qal

5500 Qoa

......... 5600 Qg5
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Figure 9-29. Subdivision of the Quaternary terrace gravel and alluvial deposits along the West Fork of Dry Creek. These gravels are undi-

vided in the published map (Thaden, 1980d). Faults and geologic boundaries of alluvial deposits lrom mapping by Thaden (1980d, 1980e).

Subdivision of Qg gravels, this study (1982).
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Figure 9-30. Profiles of gravel deposits Qgl to Qg5 projected into the cross section NS in Figure 9-29, using the generalized contours for

reconstruction of initial distributions. Note upward deflection of the profile for Qg4, a region of normal faulting in the Tertiary rocks. This

establishes the time of faulting to be betore deposition of Qg4 and cutting of the modern stream channel.

c. Distribution of deposits based on the NS-O01 images.
Figure 9-31 shows the distribution of gravel and alluvial

deposits obtained from interpretation of the NS-001 PC

images in Figures 9-24 and 9-26(a). The map of Figure

9-31 is a marginally simplified version of the detailed map

(Figure 9-23), in which main units representing shadowed

or vegetated terrain, and mixed units of sediments, vegeta-

tion, and gravels have been suppressed.

Comparison of the image distribution with that obtained

by conventional field mapping (Figure 9-29) shows that

the image-derived distributions are more extensive (have

greater continuity).

The image units identified may be susceptible to other

subdivisions; the most interesting of these is the separation

of the fourth gravel unit (Qg4) into two parts. The addi-

tional unit, Qg4', is easily distinguished on the images

from the main body of Qg4 distribution by its dark-brown,

red, or golden-brown color. The unit Qg4' occupies about
the southern one-half of outcrops for the entire unit and

corresponds to an area of gravel outcrops on erosional

remanent terraces. The Tertiary rocks beneath are cut by

extensive normal faulting (Figures 9-29 and 9-30). The

cross section of Figure 9-30 shows that the Qg4 level in its

southern part has been deformed (bowed upward) over the

interval described. In Figure 9-26, the image for the entire

southern line, the dark Qg4' deposits can be seen as a con-
tinuation of a linear trend of dark image outcrops corre-

sponding to enhanced vegetation growth from damming of
groundwater along the Cedar Ridge Fault to the east. The

Qg4' gravels are interpreted to be geologically equivalent

to the main body of Qg4 deposits.

The units described differ in ease of separability on the

images. Thus Qg4 is easily distinguished from the sur-
rounding gravels, whereas Qgl and Qg2 are very similar in
their color relations. To illustrate and to help quantify

some of these separations, statistical studies are presented
below for all of these units except Qg4'. Deposits of dune

sand, Quaternary alluvium, and older alluvium are all cov-

ered by growths of green vegetation and cannot be sepa-
rated in the images with great confidence. The older

alluvial deposits shown correspond to a slightly elevated

plain in the present stream course. The boundaries drawn

reflect a prejudice of the interpreter derived from the geo-

logic mapping rather than a genuine basis for separation

of the unit as depicted.

d. Statistical analysis of the PC data. _ Pseudocolor

images produced by PC transformations of the NS-001
multispectral data provide a high degree of separability

with respect to lithologic classification. The gravel map-
ping problem is an excellent example of this. Since visual
assessment involves a certain amount of subjective judg-

ment, it is desirable to bolster the argument using statisti-

cal methods. These methods provide a quantitative basis

from which to accept or reject the hypothesis that two

selected areas in fact come from different populations.

The test chosen for this case is the two-way contingency

table test for independence (Everitt, 1977; Goodman,

1978; Upton, 1978). For analysis, DN values for the gravel

_This section was prepared by Dr. J. Solomon, image Processing l.abora-

tory (IPL), JPL.
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Figure 9-31. Distribution of Qal, Qoa, and Qg deposits, from interpretation of the NS-001 PC image. S-1, S-2, S-3, S-4, and S-5 are sample
locations used in statistical studies of unit separability.
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Table 9-11. Contingencytable used for analysisof independenceof the gravel unitsQgl to Qg5,
based on the first four PCs, PC1 to PC4a

Gravel Unit PC1 PC2 PC3 PC4

Qgl 95. I (13) 210.0 (21) 102.2 (20) 149.4 (23)
Qg2 54.0 (20) 191A(33) 107.4 (25) 131.3 (23)
Qg3 104.9 (20) 201.5 (10) 116.2 (28) 81.7 (18)
Qg4 65.9 (11) 161.9 (16) 143.9 (17) 157.8(21)
Qg5 89.5 (18) 180.7(15) 162.0 (24) 109.8(23)

_'Table entries represent mean DN values of the four components obtained from the 20 x 20 pixel sample
areas shown in Figure 9-31. Values in parentheses are measures of the standard deviation.

units extracted from the NS-001 PC images were laid out

as shown in Table 9-11 The table was then analyzed in

standard fashion by examining pairwise the available com-

binations of classes. For each class pair, the hypothesis was

tested that the two classes came from different parent

populations, and a confidence level was computed from

chi-squared tables. The results of this analysis for the Qua-

ternary gravel data arc shown in Table 9-12. The results
confirm the classifications made from visual assessment,

and furthermore show good agreement in ranking of confi-
dence levels with those made on a visual basis. For exam-

ple, the contingency table tests show the least confidence
(although still an acceptable level) in the separation

between Qgl and Qg2. This agrees with visual inspection

of the pseudocolor images.

The analysis has also been repeated using PCs 2, 3, and
4 alone (not shown here). The confidence levels for separa-

tion of the groups are not significantly different.

5. Description of directional photometric effects in

NS-001 images. Aircraft multispectral scanners used here

have angular fields of view on the order of 100 ° (+_ 50 °
from nadir). The scanners are flown at sufficiently low alti-

tudes so that strong directional photometric effects are
observable in the resulting image data over surfaces that
are not flat.

Observationally, the directionality takes the form of dif-

ferences in the appearance of the image for the same area,

as seen in separate flight lines. Both the representation of

topographic forms and the colors of rock units may be
affected. The directional effects can result from influences

of topography, solar illumination, nonuniform or direc-
tional effects in the microscopic surface reflectance, and dif-

ferences in vegetative cover between north- and south-

facing or gentle- and steep-dipping slopes. Some effects
might be introduced by transit of the sun in the sky during

the times of observation, or by uncotnpensated motion of

the observing aircraft platform, producing a variation in
the surface field of view. These effects, however, are of

second-order importance compared to those introduced by

shadowing or vegetation. An unknown, possibly systematic

component of the surface directional reflectance, related
both to surface macroscopic and microscopic structures

and to shadowing in vegetation, is probably removed by

the correction for atmospheric effects (the GRADREM

procedure). The directional effects discussed here persist

over and above such reflectance components removed by

the standard procedures.

The directional effects pose problems for inaage

mosaicking, separate from the ordinary problems of image
rectification and geometrical correction. This is because

essentially different reflectance and photometric informa-
tion is contained in each view.

The southern and northern NS-001 flight lines for Cop-

per Mountain, given in Figures 9-26 and 9-28, respectively,

overlap by roughly 50 percent. Within the overlap area,

numerous examples can be found where the two images
differ from each other in appearance and in colors dis-

played for the mappable units. Two such cases are at(_in

Figure 9-28(a) and (_) in Figure 9-26(a), and along line

AB in Figure 9-28(a) and line A'B' in Figure 9-26(a). Areas
(_ and a_ are located in oxidized granites adjacent to out-
crops of Tertiary sediments, whereas the profile AB tra-

verses oxidized granite, Tertiary sediments and

Table 9-12. Confidence levels, %, of separation for
class pairsfrom Table 9-11

Gravel Unit Qgl Qg2 Qg3 Qg4

Qg2 96.5
Qg3 99.9 99.9
Qg4 99.9 98.0 99.9
Qg5 99.9 99.9 99.5 99.8
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Quaternary gravel deposits. (An interpretation of oxida-

tion in the granites based on image data will be presented

below.) Based on field observation, outcrops with pink and

magenta hues on the images are granitic rocks physically

stained orange and yellow from surface oxidation or

weathering, whereas outcrops colored green and yellow on

the images are less oxidized or "fresh" granites. An inter-

preter examining the southern line alone would conclude
that the rocks in area (_) were heavily oxidized. On the

other hand, examination of area @ in the northern line

would result in a different qualitative (reduced) estimate of

the oxidation effects present. Neither interpretation would

provide an unambiguous picture of the surface reflectance

properties encountered.

Similar conclusions would be reached by comparing the

images along profiles AB and A'B'. The northern imagc

line depicts the rocks to be essentially free of oxidation

effects, whereas the southern line portrays the opposite.

In Figure 9-32 profiles of the actual DN values along the

lines AB and A'B' are given for the first four PCs. The first

component (V l), while not used in construction of the

images, is useful in seeking correlations between the topo-
graphic profiles and geologic cross sections. In addition to

the profile data, mean values and standard deviations for

each PC are given. The profiles reveal extremely great var-

iation both within each component and between AB and

A'B'. While some PCs along either line AB or A'B' can be

seen to correlate and to correspond to topographic fea-

tures, no simple pattern emerges between the lines. Thus

the profiles are photometrically distinct and cannot be
derived one from the other by simple linear transforma-

tions such as constant stretching or rescaling.

The variation in photometric properties depicted must

be sought in both the macroscopic and microscopic topo-

graphic properties of the surface, and in actual variations
in surface reflectance. Some correlation can be seen

between macroscopic topographic variations, as deter-
mined from the contour maps, and variations in the PCs.

From the geometry of scan and illumination directions for

the two flight lines, it can easily be seen how such varia-

tions arise. Figure 9-33 shows the situation for the two

lines in the present case. These drawings are to scale (sur-

face topography excepted) with the position of aircraft and

solar zenith angles computed for the flight conditions sum-
marized in Table 9-13. Thus for the northern line, topo-

graphic elements in profile AB are viewed from the north
and illuminated directly from the south, whereas for the

southern line, the profile A'B' is both viewed and illumi-

nated from the south, that is, it is illuminated directly. In

the first case the north-facing slopes are partly in shadow,

(a) /j -

'U__2
A PROJECTEDLENGTH0(: AB -_" B

-_--._ N
0 I mi
L J
0 1 km
L____2

0 1 ml
I J
0 1 km

(b)
i

,_' pROJECnED LENGIH OF A, B, _ B'
_N

Figure 9-33. Geometry of the scan and illumination directions: (a)

along line AB in the northern flight line (Figure 9-28); (b) along line

A'B' in the southern flight line (Figure 9-26), Point A has been pro-

jected into the N-S direction containing the scan line and point B.

Solar zenith angle is approximately 35?

or illuminated at a low angle to surface elements, with

resulting decrease in surface brightness. On the other

hand, the south-facing surface elements tend to be free of
topographic shadows and, together with possible surface

backscatter, therefore appear brighter. Differences in the
values of the first PC for the northern and southern lines

support this idea.

A possible major contribution to directional effects on

north- and south-facing facets is vegetation cover. It is well

known that plants in semiarid environments favor north-

facing slopes where water retention is greater; in conse-

quence, north-facing rock surfaces support dense, often
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Line

Northern

Table 9-13. Overflight parameters for NS-001 mission at Copper Mountain, Mission 407, August 29, 1979

_ _n ---

Start GMT Start Latitude Start Longitude Altitude Apparent Solar Apparent Solar

Stop GM[ Stc,p Latitude Stop Longitude X 10 _, ft Right Ascension Solar Zenith
(R.A.) Declination Angle"

18h08"' 00' 43 ° 26.0' 108° 03.9'
14.7 10#'27 '_ 38" 9° 39' 02" 34.87 °

18h [3'" 35" 43 ° 25.9' 107° 35.5'

Southern

'_cos (z) = sin _ sin _ + cos ,k cos _ cos It, where z - zenith angle.

_. = latitude, a apparent solar declination.

H - local time. H in radians is computed approximately' from

2v (Local Noon GMT --. 7I_) radians
24

18h 17"' 21)' 43 ° 20.2' 107° 36.8'
16.2

18h 23'" 10' 43 ° 19.8' 108° 06.2'
lff _27 m38" 9 ° 39' 02" 34.87 °

nearly complete, covers of lichens as well as trees and

shrubs. Examples of lichen cover favoring the northern

sides of boulders and outcrops almost to the exclusion of

covering on the southern sides are shown in Figure 9-34

and can also be seen as green tints covering north-facing

outcrops of granitic rock in Figure 9-8. The reflectance

properties of lichens differ substantial[ 5, from those of oxi-

dized granite rocks and can thus contribute markedly to

variations in the surface reflectance properties quite apart

from shadowing.

C. Image Analysis and Interpretation of the Oxidized

Granitic Terrain

1. Introduction. Yellich et al. (1978) thought the gran-

ites along the range front were oxidized by corrosive,

descending meteoric waters that carried uranium ions in

solution downward to be precipitated in the fractured

granites at depth. They mapped these (oxidized) granites

as occupying a continuous zone 4 km in width along the

base of the mountains, extending from the West Fork of

Dry Creek to approximately 13 km east, where the crystal-

line rocks disappear beneath the Paleozoic sediment cover.

Thaden (1980b, 1980d) described these bright rusty-orange

rocks in the Gufl)' Peak and De Pass Quadrangles but did

not difl'crentiate them in mapping the granites. He attrib-

uted the oxidation to weathering beneath saline alkaline

lakes, where the granite lay shallowly buried during part of

Tertiary as well as Quaternary time.

This current study used the Bendix l l-channel M-'S

scanner images as well as the 7-channel NS-001 data to

determine the surface distribution of oxidation/weathering

effects in the crystalline rocks. For the M:S data the degree

of oxidation was measured by determining band ratios in

the visible wing of the Fe '_ charge transfer band. For the

NS-001 data the PC transR)rmation, which utilized scatter

properties of the data to effect the separations, was used.

Figure 9-34. Green (Genus Parmelia(?)) and black (Genus Cla-
donia(?)) crustose and folios lichens covering north-facing sides o!
(a) weathered granitic outcrops (NW 1/4, Sec. 32, T40N, R92W)
(north is to the left); (b) a fresh granite boulder in Tertiary (?) fan
gravel (NE 1/4, Sec. 27, T40N, R92W) (north is to the right). Note
additional lichen-mantled, north-facing fracture surfaces on oul-

crops in background of Figure 9-8.
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The distributions of oxidized granites implied from the
two data sets differ from one another and from the distri-

bution as presented by Yellich et al. (1978). Since for the

two instruments information at different wavelengths is

being compared with the radiances combined in different

ways and in different numbers (CRCs versus PCs), de-

tailed disagreement between these two results is not sur-

prising. The distributions obtained by the same scanner

also differ between flight lines. These findings seemingly

raise concern about the internal consistency of the image

results. While it is not possible to reconcile all of the

results, one interpretation is that they arise predominantly
from directional "effects" in the surface reflectance due to

shadowing, topography, and variable vegetation cover.

Directional effects emerge because of strongly differing

conditions of illumination and viewing between the flight

lines. They are prominent in areas of high topographic

relief, and are absent or greatly reduced on flat alluvial or
other surfaces of low relief.

The patterns of surface oxidation obtained from each of

the scanner systems were transferred piecemeal to a topo-

graphic base to facilitate detailed comparison with the

topography and geology. Intense oxidation is found to cor-

relate with old pediment surfaces, and with rotten granitic

terrain that weathers to grus-mantled slopes and that fol-
lows old topographic drainages (paleodrainages) high in

the range. The two terrains are continuations of one

another, with pediments falling at low elevation along the

range front, and the grus-mantled terrain along valleys

and parts of ridges higher in the range.

A curious and complicating aspect of the oxidation/

weathering skin is that the oxidation may develop progres-

sively from unoxidized but weathered granite as these
rocks are stripped of tuffaceous sedimentary cover in the

pediments and exposed to subaerial weathering. This time

dependence, together with the directional effects described
above, can reconcile most differences between the scanner

results and the results of the Yellich et al. (1978) geologic

mapping. If the oxidation skin is relatively modern in ori-

gin, then it can have little bearing on the genesis of the

uranium ores, which were emplaced intermittently and
subsequently reorganized during Tertiary and Quaternary
time.

An empirical correlation exists between the distribution

of oxidized terrain and the occurrence of major uranium in

the granite. Uranium occurs beneath Tertiary sediment
cover in the granite or adjacent to the granite-sediment

contacts in the sediments. In both cases the exposed gran-

ites are oxidized. The granites appear largely barren of
uranium enrichment where oxidized at the surface or

where fresh outcrops occur. Minor exceptions to this are

found along weathered fracture zones in the granite topo-

graphically higher in the range. These occur without the

accompanying sediment cover; none of these occurrences
is of economic importance.

2. Analysis of M2S image data. The Bendix I l-channel

M2S scanner is an aircraft-mounted instrument covering

the spectral region of 0.33 to 1. I #m. The spectral distribu-

tion of the scanner's 10 channels (excluding the thermal

infrared) is given in Table 9-14. The angular field of view

is 2.5 mrad. At Copper Mountain the scanner was flown at

altitudes of 4800 and 5300 m above terrain, resulting in a

surface spatial resolution of approximately 11 to 12 m. The

M:S data were acquired over two E-W-oriented flight

lines, as shown in Figures 9-21 and 9-22. The flight param-

eters are given in Table 9-15. The area of overlap corre-

sponds to approximately 45 percent of each flight line. For

this study two subareas of these data were examined in

detail. These two areas are outlined on the index of map-

ping and interpretation of Figure 9-22.

a. CRCs. Rowan et al. (1974) successfully distinguished

iron oxide and vegetation using the Landsat MSS bands 4,
5, 6, 7 and determined that ratios such as 4/5, 4/6, 5/6,

and 6/7 were useful for this purpose. These methods basi-
cally use radiance ratios as measures of absorption band

slope and hence band strength.

Ratio quantities tend to suppress effects due to bright-

ness variation alone. To map the distribution of iron oxi-

dation effects and vegetation at Copper Mountain using

these techniques, first CRCs were formed from the Land-

sat-equivalent combinations of M2S bands. The bands so
lumped are indicated in Table 9-14.

Table 9-14. Bandpasses of the Bendix 11 -channel M2S scanner

Landsat MSS

Channel Wavelength Interval #m Equivalent Band a

I 0.33-0.44

2 0.44-0.48

3 0.49-0.54 }
4 0.54-0.58

5 0.58-0.62

6 0.62-0.66 }7 0.66-0.70

8 0.70-0,74

9 0.76-0.86 t

I0 0.97-1.065 t

aFor purposes of computing ratios, radiance within the M:S band is taken

to represent the radiance's approximate value in the corresponding

Landsat band. Band 7 is taken as average of values in M2S bands 9 and 10.
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Table9-15.OverflightparametersforBendix11-channelM2SmissionatCopperMountain,Mission383,August4,1978

Line
Start GMT Start Latitude Start Longitude Altitude Apparent Solar Apparent

Stop GMT Stop Latitude Stop Longitude X 10 3, ft Right Ascension Solar
(R.A.) Declination

Solar

Zenith

Angle _

Northern

Southern

20 h 07 °1 20 _ 43 ° 26.0' 107 ° 38.4'
15.5 8 h 54 '1' 55.5' 17 ° 23'41"

20 h 11m 05' 43 ° 26.0' 108 ° 02.0'

20 h 14m 15 _ 43 ° 19.7' 108 ° 01.5'
17.0 8 h 54"' 55.5' 17 ° 23'41"

18 )' 23"' 10 _ 43 ° 19.8' 108 ° 06.2'

29 °

29 °

*'See formula in footnote to Table 9-13.

Figure 9-35 is the Landsat band equivalent CRC for

subarea 1, which lies in the northern line. Figure 9-36
shows the same CRC for subarea 2, which lies in the

southern line. Figures 9-37(a) and 9-37(b) show the illumi-

nation and viewing geometry for subarea 1 and subarea 2,

respectively.

The CRC image renders areas of heavy vegetation cover

(e.g., stream valleys and canyons) and shadows in blue,

and areas of granitic rock with varying degrees of surface

oxidation in shades of deep blackish-red (heavily oxidized)

to light red and yellow (light oxidation). Areas of vegeta-

tion-free, light-tan and gray sediments are tan to cream-

colored. Alluvial or colluviai slopes that contain grasses

and shrubs appear deep tan to reddish-tan, depending on
rocks, substrate, or source material. Areas with extensive

juniper cover are light blue with red mottling.

Comparison of these two images reveals many detailed

differences in presentation for areas common to both. For

example, a number of the units in Steffen Hill, l_, are dis-
criminated in the rendition of subarea 2, but are indistinct
or less well-defined in the rendition of subarea 1. Also,

most areas of red, oxidized granitic rocks differ in appear-

ance between these two images (areas (_), (_, and (_)).

Areas (_ and (_)have been previously discussed as exam-

ples of directional effects in the surface reflectance. It was

previously indicated that back-reflecting slopes appeared

to provide enhanced representation of the oxidation effects
over those in which the illumination was observed in the

specular (forward) direction. An example of a seemingly
opposite effect can be found (area 1_)), where the surface

observed in back-scattered light (subarea 2) appears less

oxidized than in forward-scattered light (subarea 1). These

are areas of gently rounded (grass-covered) slopes, as

opposed to the angular faceted terrain characterizing most
of the other areas described.

b. Density slice o[ MeS ratio image. To provide a defini-

tive mapping of the distribution of oxidation effects

together with a quantitative measure of the degree of oxi-

dation as measured by absorption band slope (i.e., degree
of saturation), a General Electric Image 100 image ana-

lyzer was used to examine the various ratios and density

slices of the M2S image data from subareas 1 and 2.

Figure 9-38 is an eight equal-level density slice of the

M2S band-ratio 4/6, giving the iron oxidation representa-

tion sought and giving an index of degree of oxidation. In
the color scale, black indicates the lowest ratio values, fol-

lowed by magenta, red, yellow, green, light blue, blue, and

white for the highest ratio values. This color scale can be

made quantitative in terms of the ratio values by use of

field spectral reflectance measurements, as shown in

Figure 9-39. Here the reflectance ratios measured for 32
field spectra from 27 sites throughout the oxidized and

unoxidized granitic terrain are plotted as a function of DN

ranges representing the colors used. Brief descriptions of

some representative field sites are given in Table 9-16.

Areas were selected on the image for each color at sites

where PFRS data were available. Groupings (vertical

stacks) of data appear above each color slice in Figure 9-39
because of the 8-level splitting of the DN range.

In addition to the distribution of iron oxidation and the

intensity, the density-slice image of Figure 9-38 also shows

approximately the distribution of green vegetation and

partially vegetated outcrops. In the 4/6 density slice, ratios

for green foliage are consistently high, whereas those for

ordinary rocks and heavily oxidized rocks with strong Fe"

ultraviolet absorption bands are consistently low. This is
because the positions of the two principal chlorophyll

absorption bands at 0.45 and 0.65 /_m leave a residual

maximum in plant reflectance near 0.55 p_m. Thus the ratio

0.56 t_m/0.64/tm in green plants tends to be greater than

unity, whereas this same ratio for ordinary iron oxides

(Fe+_-charge transfer absorption) is always less than unity.

A detailed comparison of the density-slice image of Figure

9-38 with aerial photographs shows that oxidized outcrops
in the field are largely represented by the image colors red,
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Figure 9-37. Approximate viewing and Illumination geometry for (a)

subarea 1, M2S, northern flight line; (b) subarea 2, M2S, southern

flight line

magenta, and black. Hence restricting attention to these

areas conveniently focuses on the oxidized granitic out-

crops of interest to the exclusion of most other rock or

cover types.

c. Composite map of oxidation effects from M2S CRC
and density-slice images

Construction qfmap. To facilitate later correlation of

surface oxidation patterns with topography, erosion sur-

faces, rock types, and geologic structure, and to facilitate

comparison with the other distribution pattern obtained

from NS-001 PC images (to be discussed subsequently), a

composite interpretation (originally at the 1:24,000 scale of

the geologic map) was compiled featuring all of the granit-
ic outcrops shown to be oxidized from the M2S CRC and

density slice images. The result is shown in Figure 9-40,

together with the distribution of Tertiary and Quaternary

sediments (undivided), Paleozoic rocks (undivided), and

Precambrian metasedimentary, granitic, and dike rocks as

taken from the geologic mapping by Thaden (1980b-

1980d)• Some discussion of this compositing procedure is

required, since two different image products were used for

the compilation.

(1) The density slice image (Figure 9-38) was used

whenever possible to obtain the discontinuous and

patchy distribution of oxidation indicated in the

CRC image figure• The red-, pink-, and black-
colored areas were chosen to represent the most

intensely oxidized rocks. This is because it seemed

preferable to transfer definite boundaries from the

density slice image (i.e., red-pink-black versus the

rest) rather than interpret indefinite ones from the
CRC (i.e., one subtle shade of red versus another).

(2) Because image rectification to map coordinates is

"good" on a scale of !km or more, but "poor" on a

scale the order of 100 m or so, it proved necessary to

transfer the data first to an aerial photograph base

and then to the map base with constant adjustments

of position in each case. Reasonably accurate but

tedious mapping of the image pattern was thereby
achieved wherever aerial photographs were avail-

able to allow this to be carried out. Where high

densities of well-defined drainages or topographic

forms were present it sometimes proved possible to

map directly from the image to the topographic map
base.

(3) Wherever aerial photographic coverage was not

available or the images and photographs were too
distorted or featureless to effect a transfer of the

data, the CRCs were usually relied on and the distri-

bution of oxidized outcrops were mapped directly

from the images. This is generally the case for all
granitic outcrops between Steffen Hill and the
Arrowhead Mine in a N-S direction, and the West

and East Forks of Dry Creek in an E-W direction.

This has led to some approximation of the oxidation

patterns so mapped. In particular the oxidized out-

crops of granitic rocks are actually smaller than the

distribution mapped in Figure 9-40 because individ-

ual outcrops are usually surrounded by deposits of
sage-covered colluvium.

(4) Because of the "directionality" effects described ear-

lier, which lead to different patterns of the oxidation

between flight lines, both the major patterns of oxi-

dation as presented in the two subareas of the M-'S

data and the patterns from the density slice repre-

sentation were used. Qualitatively these two patterns

are the same. In detail many boundaries differ. The

alteration was mapped as long as it appeared on any

of the images examined.
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Figure9-39. Relationship between reflectance ratio 0.56/_m/0.64#m

as determined from PFRS measurements and DN values for the

eight equal-level density slice image (Figure 9-38). Equivalent

color DN ranges are 0 to 31, black; 32 to 63, magenta; 64 to 95, red;

96 to 127, yellow; 128 to 159, green; 160 to 191, light blue; 192 to

223, blue; and 224 to 255, white. Numbers refer to site descriptions

in Table 9-16.

The advantage gained by mapping the distributions

described using image data is that, except for the obvious
and mostly continuous oxidized outcrops, these patterns

are not recoverable using ordinary field mapping proce-

dures, nor are they necessarily obvious from aerial photo-

graphs. Thus the scanner data, particularly in the simple

form of a density slice, provide a quick, photometrically

accurate, and consistent method of mapping these effects.

The tedious methods of data transfer employed here were
only required because it was not feasible to rectify the

image data at a sufficiently fine scale to a map base. Care-

ful analysis of these oxidation effects and their relation-

ships to geologic structure or uranium mineralization

ultimately depends on such accurate mapping.

Description of the composite map. The M:S scanner
images provide a uniformly consistent representation of

the distribution of iron oxidation throughout the area of

granite exposure in the North Canning Stock. The

distribution in Figure 9-40 is mostly continuous along the

base of the mountains east to the East Fork of Dry Creek

and correlates with a pre-Eocene pediment surface.
Between the East Fork and the Paleozoic boundary,

patchy areas are shown to be oxidized, with most of the
details being governed by topography. As may be verified

by reference to the images, there is a distinct, apparent
reduction in the extent of oxidation in the surface rocks

adjacent to the finger of Tertiary sediments extending into

the granite, and generally a lower degree and patchy distri-

bution of this alteration over the entire area. The degree of

surface alterations is relatively great, though discontin-

uous, along the East Fork drainage itself; this drainage, as

discussed below, probably represents the pre-Eocene

paleotopographic surface correlating with the pediment

lower in elevation. Isolated patches, such as near De Pass,

show heavy oxidation effects. Part of this intense pattern

appears to lie over the Flathead Sandstone-Precambrian
contact. The Flathead Sandstone and the Gros Ventre

and Gallatin Formations all have a brown or red-brown

oxidized appearance in the field. The M2S ratio data do

not distinguish clearly between these brown units and the

granitic oxidation effects. Similarily, numerous outcrops of

reddish Tertiary sediments and Quaternary terrace gravels

are depicted as oxidized in the CRC and density-slice

images. Thadcn's geologic maps were used to eliminate
these areas from inclusion as oxidized granites. Had the

maps not been available, geomorphic characteristics of the

sediments could have been used to separate them from the

granitic rocks, so little ambiguity would have resulted.

Elsewhere, throughout the North Canning Stock
between Arrowhead Mine and the Precambrian metamor-

phic terrain to the north, the distribution of oxidation is

spotty. Some of these patches are correlated with topogra-

phy, such as north and east of the West Fork. In a few

places, such as north of Arrowhead Mine, the distribution

may be controlled by faulting in the granite. No obvious
correlations exist with the mapped distribution of meta-

sedimentary xenoliths or with Precambrian dikes that lie in

the East Fork drainage.

d. Separation of hematitic outcrops using classified M:S

data. Heavy hcmatite staining may be a uranium explora-

tion guide because of the possible genetic significance of
this mineral for uranium deposition in the North Canning

uranium resource. In general, the more heavily oxidized

outcrops are represented in black on the density-slice
image (Figure 9-38). However, the separation of hematite-

stained outcrops from those with mixed oxides and

hydroxides was attempted using the M:S data and a

Bayesian parallelepiped maximum likelihood classifier.

This classifier is used in the JPL image processing fast-
classification algorithm. To do this, training areas with

known hematitic staining were picked, and the remainder

of the image was classified utilizing these specialized signa-

tures. The best-exposed and largest examples of such stain-

ing known were located at the Berger Pit (center, Sec. 34,

T40N, R92W) and in outcrops at a prospect along an inter-

mittent stream south of Canning Ranch (SW 1/4, SE 1/4,

Sec. 33, T40N, R92W). These latter outcrops are shown in
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Table 9-16. Field site descriptions, PFRS ratio values, and M2S ratio (density slice) image colors

for sites in Archean granitic rocks and sediments used in construction of calibration curve

PFRS

Ratio

Site (0.56 Image Color Description
ID (Figure 9-38)

t_m/

0.64 t_m)

2 3 72.73

2-8 77.27

2-14 82.14

2-16 77.78

2-20 84.85

2 23 84.00

2 26 62.96

2-40 66.67

3 3 78.5 I

3-I 1 40.9t

3-13 56.52

3 - 15 66.67

3 17 68.D0

3-26 60.71

3-28 68.71

3-29 69.29

3-37 68.00

3 -40 68.42

3-45 72.00

4 I1 54.17

4 13 55.56

4 14 78_95

4-22 71.87

5 1 52.38

5 8 72.39

5-9 81.48

5 13 73.91

Green Unaltered red granitic outcrop

Green Fresh K-feldspar-rich granite, black lichen

Blue Fresh granite, yellow, green, and black lichen

Yellow Pale tan-gray granite, black and gold lichen

Blue Gray granite, some black lichen

Green Altered granite, gold lichen

Pink Pink microcline-syenite dike

Red Altered ocher-colored granite, 50 percent

gray lichen

Yellow Flathead Sandstone

Red Very red hematite-stained granitic outcrop

Red Red granitic outcrop

Red Pink, gray, and white gravel deposits from

granitic outcrops

Red Yellow boulder with gray lichen

Yellow Yellow boulder

Green Spheroidal-weathered granite, yellow, red,

and gray boulder

Green Gray-tan boulder

Yellow Light red boulder

Yellow Dark red-black-stained boulder

Green Gray quartz-rich granite, yellow lichen

Red Heavily oxidized granitic rock, Berger Pit

Red Red granitic boulder

Green White quartz-feldspar-rich boulder plus

debris and chips

Red Silty sand, red-orangc on image

Red Granitic rock

Green Unoxidized granitic gneiss

Blue Red stains in feldspar and quartz-rich granite

Green Arrowhead Mine, red granite rock with green

and black lichen

Figure 9-9. The results of these classification experiments

were negative, almost certainly because of the small train-

ing sites available (a few pixels at most) and the difficulty

of accurately locating the small outcrops in the image at

the resolution of the scanner data.

Deep-red, thin beds of hematitic sandstone also occur in

the basal Wagon Bed strata northwest of Canning Ranch

(Sec. 27, T40N, R92W). These too are inseparable from

the normal oxidized granitic terrain in both the CRC and

density slice images.

3. Analysis of NS-001 image data

a. Introduction. The NS-001 PC images for the Copper

Mountain area have been described previously, and the

remarkable power of these scanner data in discriminating

between rock, vegetation, and soil types present in the area

has been pointed out. An example of the so-called direc-

tional surface reflectance effects involving the oxidized

granite was also described. How these scanner results can

be applied to the mapping of granite oxidation effects will

now be described in greater detail.
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b. Contrast of the PC and CRC methods. The PC

method, based on the principal component transforma-
tion, differs fundamentally from the method based on

ratios or CRCs. The band-ratio method depends on repre-

senting variations in the slopes of the reflectance curves. In
contrast, the PC method is based upon fitting a set of

orthogonal axes to the scatter of points in a p-dimensional

(p-channel) data space, where p corresponds to the

number of spectral channels analyzed. Each surface cover

type or surface element with a distinctive spectral signa-
ture in this p-space forms a separate cluster or a point iso-

lated from its neighbors. The PCs represent reductions in

dimensionality of the original data space to a few (usually

less than or equal to four) variables (the first few PCs).

Higher-component principal axes point in directions of

successively lower scatter in the original data swarm.

Points in PC space are separated by distances dependent

on differences in the spectral reflectance (Lisbon Valley,

Utah, Uranium Test Site Report, Section 8, Appendix E).
Furthermore, the cosmetic contrast stretches applied to the

image act directly to separate further the points in this

space; that is, they act as a dilational transformation on the
data swarm. The relative positions of data points in the

space do not change relative to one another under this

orthogonal transformation. The PC method relies on sepa-

rating spectral groups along the principal axes, based on
differences in reflectivity for the entire scene observed by
the scanner. The so-called canonical transformation is a

special case of the PC transformation to direct the axes for

maximum separation of specified groups. Thus the canoni-

cal transformation may achieve greater separation for spe-

cialized groups, but the PC transformation provides the

best possible (untrained) separation for all spectral groups

present in the image without regard to the actual
distribution.

c. Map of oxidation effects ,/rom the NS-O01 PC image.
Outcrops of oxidized granite in the NS-001 images of Fig-

ures 9-26 and 9-28 appear pink to magenta in hue, and a
careful examination of these images discloses that such

weathered granite outcrops are the only ones depicted in

this way. There is no confusion with other iron-bearing
rocks such as the red beds. The outcrops of granite thus

identified as oxidized were compiled onto the 1:24,000 top-

ographic map base of the geologic map. Using procedures
and criteria similar to those described earlier in construc-

tion of Figure 9-40, the distribution of oxidized granite

outcrops so obtained is shown in Figure 9-41. For granite

outcrops lying between Steffen Hill (labeled "Paleozoic
Rocks") and Arrowhead Mine in a N-S direction and

between the West and East Forks of Dry Creek, the sur-

face oxidation depicted is essentially complete. The oxida-

tion along the northern flight line occurs in a thin strip

adjacent to the contact between granite and Tertiary-

Quaternary sediment. East of the East Fork and south of

Berger Ranch, and 3.5 km east to the Paleozoic section, the

oxidation is patchy in the northern part and shown to

occur mostly continuously along the southern boundary

and up into the East Fork. A significant lack of oxidation is

depicted surrounding the dogleg-shaped finger of Wagon
Bed sediments extending northeast into the granite (Sec.

35, T40N, R92W) which is shown on the map of Figure

9-41 and which may be verified by study of the images in

Figure 9-28.

To the north along the East Fork of Dry Creek and

along the next valley to the west, oxidized pink outcrops

occur along the canyon bottoms and valley sides. Some of
these distributions coincide with trains of metasedimentary

xenoliths in the granite. To the east stringers of oxidized
rocks extend northeast toward Greer Peak, and follow

belts of metamorphic inclusions to the southeast. Else-

where throughout the North Canning Stock essentially no

pink granite outcrops are depicted in the NS-001 PC
results.

4. Comparison of the M2S and NS-001 data interpreta-

tions. While the M2S CRC and density slice data may have

a quantitative interpretation in terms of Fe z3 absorption

band strength according to the calibration curve of Figure
9-39, the NS-001 PC data possess no such clear-cut inter-

pretation. Thus, while a quantitative comparison of these
two distributions is not feasible, a broad similarity betwecn

the results emerges. Over the southern one-half of the map

corresponding to heavily oxidized, continuous outcrops,

the two sets of scanner results agree. East of the East Fork

in the southern half, the pattern depicted on both is

complicated by topography, but both show reduced oxida-

tion effects in the pre-Wagon Bed drainage of Sees. 35 and
36, T40N, R92W, near the Tertiary sediments occupying

part of that drainage. To the north, both scanners show
similar distribution patterns along the East Fork of Dry

Creek and an adjacent drainage to the west. Beyond these,

few similarities in the patterns are found. Qualitatively it

appears the two results depict different degrees of oxida-

tion intensity, largely agreeing where the effects are intense,

disagreeing where they are subtler.

Additional possible explanations for the disagreement

are the difference in wavelength regions sensed by the M2S

and NS-001 instruments and the variation in processing
methods used. The M-_S is restricted to wavelength regions

short of 1 _m; the type of ratio processing used emphasizes

only the intensity of the iron absorption band at 0.9/xm,

regardless of what other mineral constituents are present.
The NS-001 data sample spectral reflectance in various
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bands between 0.45 _m and 2.2 _tm. The PC method sepa-

rates groups based on spectral characteristics throughout

this wavelength region; thus it is sensitive mainly to the

presence of iron-oxide minerals, and to a lesser extent to

hydrous minerals also. The combination of bands results

in a delineation of the heavily oxidized granites versus
other iron-rich rocks elsewhere in the scene, which the M:S

data are unable to accomplish.

5. Comparison of oxidation patterns with physiographic
features

a. Introduction. Based on the work of Blanchard (1968),

Yellich et al. (1978) regarded the oxidized granite of the

Copper Mountain area to be a result of alteration by cor-

rosive meteoric (ore) fluids carrying the uranium. The oxi-

dized layer might be pictured as analogous to the

alteration tongue in a sandstone roll-front deposit. Obser-

vations in prospect pits show the oxidation along fractures

to extend to a depth of at least l0 m (Figure 9-8). Presum-

ably under these circumstances the oxidation could pro-
ceed while the granites were still buried beneath Tertiary
sediments: indeed it is unclear from Yellich et al. (1978)

whether they thought the oxidation to be subaerial, to

have taken place at depth beneath the Tertiary cover, or
both. As described above in the studies of the NURE drill

cores, the oxidation is not everywhere present beneath the

Tertiary adjacent to the ore bodies. The oxidation may

have been removed by erosion or may never have existed

in the old paleodrainages that were subsequently filled

with tuffaceous Wagon Bed sediments. Bramlett et al.
(1980) discussed derivation of uranium from the granite

and concluded that uranium accumulated in the Canning

resource was, from a material balance point of view, about

that expected from leaching of the weathered layer above
the accumulations. This suggests a circumstantial connec-

tion between the weathered layer and the uranium accu-

mulation, but does not establish the weathered layer as the

original uranium source.

Since the scanner data provide surface distribution of

the oxidation effects that are not easily mapped on the

ground, it might be expected that analysis of this distribu-
tion with respect to landforms, lithologies, or structures

would yield further insight into the geologic significance of
the alteration and its possible relationships to ore occur-

rences. Some observations on the physiographic relations

of the oxidation distribution and the relations to Tertiary
sediment cover are described below.

b. Erosion surfaces along the range front

Description of the surfaces. Two, and possibly more,

major stages of pediment formation are represented in the

Tertiary and granitic rocks along the range front at Copper

Mountain. Here the predominantly Tertiary-age surfaces,

as opposed to younger features produced during Quater-

nary time alone, are discussed. The youngest surface is cut
in folded and faulted sediments of the Wagon Bed For-

mation. This surface is capped by Quaternary gravels

(Holocene-Pleistocene), examples of which are found

along the West Fork of Dry Creek. These relationships

place the age of surface development between Middle to

Upper Eocene and possibly as late as the Pleistocene.

Examples of sharp truncation relations are found in the
area south of Steffen Hill (Figure 9-23). The oldest surface

identified is cut in the Precambrian granite along the range

front and is interpreted to be overlain with Wagon Bed

sediments and possibly Quaternary gravels throughout the

study area. Mantling by the Wagon Bed would indicate

the age of this surface to be older than Middle to Upper
Eocene. Figure 9-42 is a photomosaic view showing part of

Figure 9-42. Photomosaic view looking southeast from Tertiary Wagon Bed gravel terrace in the East Fork of Dry Creek (predominantly SW

1/4, Sec. 26, T40N, R92W). Hummocky and grus-covered erosion surface cut in the Archean granite. Nickpoint is defined by an abrupt rise

in slope on left side of picture. Canyon in foreground is the East Fork of Dry Creek. Limits of this pediment surface are defined by topograph-

ically similar nickpoints along the range front, the distribution of which is shown in Figure 9-43.
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the upper portion of the granitic erosion surface exposed

east of the East Fork of Dry Creek. Typically the surface is

hummocky, rolling, and covered with grus derived from

breakdown and disaggregation of the underlying granitic
rocks.

Mapping the older erosion surface. The northern limit to

planar parts of the older (pre-Middle or Upper Eocene)

erosion surface cut in the granite is defined by a pro-

nounced topographic inflection (nickline) separating the

gently dipping (5 ° to 7 ° ) lower surface from the steeper

range front. The nickline for the small segment shown in

Figure 9-42 follows along the left side of this photograph.

Using this physiographic criterion, a nickline defining the

northern limit may be traced almost continuously along

the range front. This older pediment nickline is depicted

throughout the study area in Figure 9-43. The nickline

traced in this manner is generally identifiable between the

6200- and 6300-ft contours on the topographic map. The

surface edge defined in this way rises in elevation to the

east where it is found between 6300 and 6400 ft. In gen-

eral, all outcrops of granitic rock south of the nickline

depicted in Figure 9-43 may have been part of the sub-

aerial pre-Middle Eocene physiography. Substantial topo-

graphic relief probably existed in the pre- to Middle
Eocene granite surfaces, thus contributing to a rugged as

opposed to a fiat planar aspect for the whole.

Distribution of Tertiary-Quaternary sediments. The dis-

tribution of Tertiary and Quaternary sediments (undi-

vided) as taken from the mapping of Thaden (1980b-

1980e) is shown with respect to the older pre-Eocene sur-

face in Figure 9-43. Tertiary rocks occupy the slopes along

the range front with islands or elongated outcrops of gran-

ite rock (possibly representing buried ridge tops) protrud-

ing through the blanket. Long finger-like deposits of the

Tertiary rock extend up the major drainages to elevations
as great as 6800 ft (Hoodoo Creek, not shown). Apart from

these extensions the preserved limits of the Tertiary depos-

its largely parallel the limits of the pre-Eocene granite ero-

sion surface, with the Tertiary rocks probably having been

eroded back in post-Middle or Upper Eocene time.

c. Grus-mantled terrain as possible extensions of the pre-

Middle Eocene pediment physiography

Description of the terrain. Above the E-W-trending

nickline that defines the older pediment surface, the

mountains are characterized by steep slopes and rugged

physiography. Two contrasting physiographic types occur:

(I) those dominated by blocky, rugged forms, and (2)

those dominated by rounded forms, characterized by

smooth slopes and few apparent rocky outcrops. Both the

metasedimentary terrain and the granite terrain display

this rounded appearance; the granitic terrain alone will be

discussed in the following paragraphs.

The best-developed example of rounded or mantled ter-

rain occurs along the East Fork of Dry Creek in Secs. 14,

15, 22, and 23, T40N, R92W (Figure 9-43). This terrain is

shown in the high-oblique aerial view of Figure 9-44,

which looks south along the East Fork drainage toward

Steffen Hill. This drainage and the one intersecting from

the west display typical aspects of the rounded physiogra-

phy defining the mantled appearance, which contrasts

sharply with that of the blocky intervening ridge. In the

field, the rounded physiography is characterized by grus-
mantled slopes and ridges, and low immature soil

development.

Distribution of the grus-mantled terrain. The general dis-

tribution of rocky and rounded terrain may be mapped

fairly easily using stereoscopic aerial photographs. An

interpretation of the distribution obtained from such map-

ping is shown in Figure 9-45. The distinctions are easily

made because blocky terrain is characterized by extensive

fracturing, whereas in mantled terrain fracturing is not

present or is indistinct. Examples of the mappable, nearly

vertical fracture system cutting the granitic outcrops are

shown in the interpretation. Fractures (with no displace-
ments discernible) or faults also cut the mantled terrain

and bound some of the blocky units. In general these

structures are subtle, and are marked by slight color

changes or reduced physiographic alignments.

Although characterized by rounded surfaces, the man-
tied terrain is essentially continuous with the topographi-

cally lower, older erosion surface. This older surface itself

displays numerous low, rounded ridges and hills, whose

tops are concordant and constitute the pediment. Thus the

physiographic character of these two terrain types is

roughly similar.

Origin of mantled terrain. Mantled terrain coincides with
the bottoms of drainages and the slopes along the sides of

valleys. Its distribution in these places and continuity with

obvious paleotopographic features suggest it originally

formed during the pre-Middle Eocene erosion cycle that

produced the pediments below. This terrain was probably

once covered by Wagon Bed or younger sediment, perhaps

to great depth, in keeping with the notion of a general

mantling of the topography by Wagon Bed rocks (Thaden,
1980b).

The mantled outcrops have been characterized as resid-

ing in rotten granites that were at one time covered with
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Figure 9-44. High-oblique aerial view looking south-southwest
along the East Fork of Dry Creek. De Pass Mine is in foreground,
and Stelfen Hill is inthe middle distance. Contrast inmassive (frac-
tured) and grus-mantled terrain may be seen in middle of photo-
graph to the west (right) of DryCreek.

sediments and submerged in a shallow lake dammed to the

south by Cedar Ridge (Thaden, personal communication,

1981). Rocks saturated with oxygenated alkaline fluids

would probably weather more rapidly than ones that were

dry or unsaturated. Reemergence to subaerial conditions

with erosion of the sediment might be expected to promote
rapid decomposition of feldspars and alteration of iron-

rich minerals to clays and iron-oxide compounds. The

mantled terrain may also be the locus for (I) intense frac-

turing, (2)larger abundance of (unmapped) xenolitbs, (3)

changes in composition of the granite to include more fer-

romagnesian minerals, or (4) possibly a combination of
these.

d. Relationship o[the oxidation to physiography

Relationship to the older pediment surfiace. A comparison

of the exhumed granitic portion of the older pediment

contained between the nickline and the Tertiary-Precam-

brian sedimentary contact (Figure 9-43) and the distribu-

lion of oxidized rocks (Figures 9-40 and 9-41) shows that

the pediment-surface rocks are to one extent or another

oxidized. In places, the boundaries of image-depicted oxi-

dation and the pediment nickline agree in detail with oxi-
dized terrain contained within the surface. Elsewhere. the

agreement is not as good (for example, thc pediments cast

of the East Fork of Dry Creek).

Relationship o]" the mantled terrain and oxidation, upper

East Fork q[ the Dry (_'reek drainage. To provide an exam-

ple of the relationship between the image-derived distribu-

tion of oxidation and the aerial-photography-derived

distribution of mantled terrain, the (red-magenta black)

image patterns of the two-channel ratio density slice

(Figure 9-38) have been transferred to the aerial photo-

graphic base of Figure 9-45. The pattern of oxidation thus

adjusted is shown in Figure 9-46. In the upper East Fork

drainage, the correspondence between mantled and oxi-

dized terrain is good. These relationships were difficult to

establish from the color aerial photographs alone.

Possible time dependence o[" the granitic oxidation. The

age of surface weathering in the granites is important for

its possible relationship to uranium mineralization. Exami-

nation of Figure 9-47 suggests the possibility that red

coloration may develop progressively atter removal of the

overlying sediment cover. The granitic spur along the

center of this aerial view shows an apparent variation of

surface oxidation from the foreground to middle distance.

The spur has probably been progressively uncovered along

its length from higher to lower elevation. The apparent

orange coloration appears to deepen with increasing eleva-

tion and this effect may be caused by additional weath-
ering in the subaerial environment or by removal of a

residual light-colored sediment coating.

If the surface oxidation effects are more modern in ori-

gin (i.e., post-Miocene and extending into the present

time), the relationship to uranium mineralization becomes

more tenuous. The problem of the age of the surface

weathering is then an important topic lbr additional study

in the context of establishing a relationship between sur-

face effect and deeper uranium mineralization.

6. Comparison of oxidation patterns with the distribu-

tion of uranium-mineralization and Tertiary sediments.

The supergene ore deposition model proposed for the
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with faulting. Mapping of the North Canning resource
from drill-hole data shows the enriched zone in plan view

to be wholly within the outcrop pattern of the Wagon Bed
Formation. Granitic rocks outside the limit of sedimentary

cover are not found to be mineralized, a pattern followed

by all of the other fracture-controlled granitic accumula-
tions in the test site. These observations are interpreted to

mean that the Tertiary sediments provide a protective

cover preventing remobilization of the uranium and
destruction of the accumulation by' leaching.

Figure 9-48 shows the approximate distribution of ura-
nium mineralization for the Fuller and Canning resources

in the Copper Mountain test site, as well as the locations of

earlier uranium mines, prospect pits, and open cuts.

Figure 9-47. High-oblique aerial view looking north up the West

Fork of Dry Creek. Granitic spur along center of picture shows

apparent variation ol surface oxidation from foreground to middle

distance. I! the spur has been uncovered with time along its length,

the emergence o! the red-orange coloration may be a lime-depen-

dent effect developing only or additionally after Wagon Bed sedi-

ments have been removed. Alternate view is that oxidation is pre-

Wagon Bed with residual sediment coating newly exposed

outcrops.

Copper Mountain uranium resource (Yellich et al., 1978)

suggests that granitic rocks near the surface were leached
of their uranium, and the dark minerals and pyrite were

oxidized. Using the interpreted distribution of surface oxi-
dation obtained from the aircraft scanner data, these rela-

tions, as well as the relationship of mineralization to the

other geologic boundaries, can be studied.

a. Distribution of mineralization. Yellich et al. (1978)
described the distribution of mineralization in the North

Canning uranium prospect. The mineralization is locally

controlled by fracture porosity arising from brecciation

The approximate subsurface limits of mineralization
were obtained from the distribution of exploration drill

holes throughout the study area. Two sources for this dis-
tribution were: (1) drill-hole location maps provided by

RME, giving positions of all holes emplaced up to August
1978, and (2) NASA aerial photography of August 1979,

giving all additional holes drilled to that time. These pat-
terns of drill holes, of course, are likely to encompass the

actual ore body (however it is defined by uranium abun-

dance) and to extend beyond it. The actual detailed limits

of mineralization are proprietary, information, and in any

event are not important. The hachured areas of Figure

9-48 represent the areas common to the pattern of drill

holes and to the outcrops of Tertiary' sediments. The Ter-

tiary sediment outcrops were taken from the published

maps of Thaden (1980b 1980e). The Wagon Bed may be

capped by a thin veneer of Quaternary gravel deposits and

be so represented on the image data. These hachured pat-
terns of ore accumulation are likely to over estimate some-
what the actual distribution of residual mineralization, but

they give an idea sufficiently accurate for the purposes
intended here. The additional locations of mines, pros-

pects, open cuts, shafts, adits, and prospect pits were
obtained from the geologic maps of Thaden (1980b

1980d). The geology of some of the more important of

these places of exploration interest was summarized
earlier.

h. Comparison with patterns of'oxidation and sedimenta-

tion. Figures 9-49 and 9-50 show the distribution of the

major residual uranium accumulations in the granite,
obtained in the manner just described, and in the Tertiary,

sediment: these are given with respect to the distribution
of oxidized rocks, the Fertiary Precambrian depositional

contacts, and the border of the pre-Wagon Bed pediment
surface.
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The Fuller and Canning accumulations fall near the

pediment edge and therefore within the zone where the

surface oxidation of outcrops is nearly complete. The dis-

tribution of ore also correlates with Wagon Bed sediment

cover. The deposits appear to fall below embayments
where the pediment surface, because of the gentle south-

ward dip (5 ° to 7°), is seen to extend back into the moun-

tains along the old paleodrainages. The surface is poorly

defined at these points and cannot actually be mapped in

the Last Hope and East Fork drainages where the canyons

are partly filled with Wagon Bed sediments.

The distribution of other uranium accumulations in the

granite and Tertiary sediment is interesting because, with
the exception of the Arrowhead and Last Hope Mines,

these fall largely along the drainage defining the East Fork

of Dry Creek. None of these has been the site of ma-

jor production. A number of examples fall close to the

Tertiary-Precambrian depositional contact, sometimes

within the granites (Gem Pit, for example), and sometimes

within the Tertiary section (Day-Berger and Hail-
Bonanza).

On an empirical basis then, uranium accumulations in
the granites are found in association with oxidized granitic

rock. Oxidized terrain exposed at the surface includes (1)

smooth but "hard" granite outcrops on the pediments, and

(2) grus-mantled outcrops in the paleodrainages. Large

uranium accumulations are overlain by Tertiary sediments

and bordered by areas of oxidized granite. Other minor

prospects occur adjacent to oxidized rock in the Tertiary

section. However, accumulations of Tertiary rocks are

present adjacent to oxidized terrain where no uranium
deposits in the granites are as yet known.

c. Extrapolation of the correlations. Early in this investi-

gation the CRC images of the M2S data were studied and

the distribution of oxidation depicted by the remote sens-

ing data was qualitatively compared with the distribution

obtained from field mapping (Figure 9-6 and Yellich et al.,
1978). Systematic differences were observed between the

two interpretations. In particular, the images first sug-

gested the granitic terrain between the East Fork of Dry
Creek and Paleozoic cover (Sees. 35 and 36, T40N, R92W)

to be less oxidized or of a different character than desig-

nated by the field mapping. Second, the images indicated

new areas of oxidized terrain outside the previously
mapped oxidized zones, which were occurring among

"fresh" granitic rocks according to the field interpretations.

These new areas corresponded to the mantled terrain of

the upper East Fork of Dry Creek, as well as numerous

outcrops between that drainage and Greer and Fuller

Peaks. Subsequent RME field exploration disclosed the

presence of anomalously radioactive outcrops along shear

zones in the granites associated with the oxidized zones.
This new anomalous mineralization in the surface rock

is located at "A" in Figures 9-48, 9-49, and 9-50. Thus far

these outcrops have not proven to be of economic
significance.

From the two types of observations given above, the

interpretation of partially oxidized terrain of Secs. 35 and

36 might now be recognized to result from directional

effects in the image data together with effects related to
recent uncovering of the weathered pediment surface. In

this latter instance the rocks may have a residuum of

Wagon Bed sediment at the surface, or they might not yet

have developed their fully oxidized appearance upon
removal of the sediment cover.

d Discussion of observations. On a causal basis it is diffi-

cult to present a convincing case that the surface granite

oxidation is a useful guide to the distribution of minerali-

zation. Some important points concerning the geologic his-

tory of the oxidation need to be clarified before such
terrain can be considered to have anything other than a

coincidental relationship to mineralization.

(1) The distribution of uranium mineralization is con-

trolled in detail by fracture porosity at depth, but no

useful surface guide to the fracture porosity has

been worked out. Consequently, no correlation with

oxidation effects present at the surface can yet be
established.

(2)

(3)

The distribution of mineralization is also apparently

governed by the distribution of capping Tertiary
sediments at the surface. No hint of the initial distri-
bution of uranium is evident before its remobiliza-

tion and removal. Thus the present distribution of

mineralization may bear little resemblance to the

original distribution or to the distribution of oxi-

dized outcrops.

Development of the oxidation surface layer may be

a modern effect accompanying reexposure of the

granitic pediment surface. This question could possi-

bly be studied by examination of many drill cores

to estimate a depth of weathering as a function
of surface exposure age. A relatively modern

(Pleistocene-Holocene) origin of the oxidation
would eliminate a troublesome contradiction in

apparent age of the weathered surface and the

apparent time of mineralization.

An alternate scenario might be that the uranium accu-

mulated independent of the development of these surface
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effects. However, the reconciliation of these difficulties lies

outside the arena where remote sensing observations can

play a role.

D. Soil and Vegetation Mapping Using Aircraft Data

1. Comparison of soil mapping with interpretation of

NS-001 image data. Soils cover the outer portion of the

Earth's surface and result from chemical weathering and
mechanical breakdown of the surface rocks. Different soils

support different plant communities. The soil scientist clas-

sifies and maps the distribution of soil types on the basis of
characteristics both at the surface and in subsurface hori-

zons. His basis of mapping is substantially different from

that of the mapping geologist. The scanner data pertain
mostly to the soils or to the weathered near-surface. Thus

any discussion of geologic interpretation based on scanner
data must include a discussion of the soils and associated

vegetation communities. Here some simple comparisons

between image data and soil maps are presented, This

study is not exhaustive in that there has been no attempt to

reconcile all differences between soil and image unit

boundaries. The utility of scanner data is, however, clearly

demonstrated when applied to soil-mapping problems.

The NS-001 images provide a convenient basis for com-

parison of the SCS soil mapping and the image representa-
tions of surface units. Considering that the basis of soil

classification is largely the subsurface B-horizon, plus the
surface vegetation community, the agreement between

these two sets of results is perhaps surprising. Examination
of the soil-mapping data shows a good correlation of soil

units with the surface albedo and topography. The albedo

corresponds to the surface morphology and the net reflec-

tance effects of lithology, weathering, and vegetative cover.
The scanner data respond to surface reflectance and

topography. The results suggest that the deeper chemical
effects of soil development leave characteristic surface

properties that may be studied by the ordinary aggregate

reflectance properties of the surfaces.

The image interpretation given in Figure 9-24 is shown
in Plate 9-1 with the addition of all identifiable soil units

from the SCS mapping. As a general comment, these

image data can be used to recover all soil boundaries

depicted and provide additional subdivisions. All soil

boundaries found in the field are represented together with
additional subdivisions that correspond to slope wash

deposits and vegetation cover. Thus the image data may be
of considerable benefit in soil mapping to the extent that

surface properties can be correlated with the defining sub-

surface-soil profile.

2. Comparison of SCS soil map and M2S CRC. Recog-

nition of the red terrain in the East Fork of Dry Creek

drainage is difficult from photographs, but SCS soil map-

pers made subdivisions of the soil units in this area. Figure

9-51 shows the soil map of Figure 9-5 superimposed on the

CRC image of subarea I. While many correlations

between map colors and SCS soil units may be pointed

out, probably none are more interesting because of their

inherent subtlety in the field than those involving mantled

and blocky terrain. Thus in the East Fork drainage, soil

units 2f72 (Pesmo-Lupinto Variant) and 3109 (Rock

outcrop-Ashbon complex) correspond to mantled rotten

outcrops and blocky, weathering-resistant outcrops,

respectively. Examination of the images shows how some

soil boundaries could easily and quickly be made more

accurate by reference to the image data.

3. Use of M2S 6/8 ratio density slice to obtain vegeta-

tion density estimates. The vegetation community map,

given in Figure 9-4, shows the distribution of important

plant communities throughout the Copper Mountain test

site without presenting details of vegetation type or vegeta-

tion density. The distribution of major species is relatively

insensitive to season, but the abundance of photosynthetic

vegetative tissue at any place depends mainly upon season,

rainfall, temperature, and possibly other factors. Plant

survey data were not available for the periods of M2S or

NS-001 overflights so a quantitative assessment of the

plant cover characteristics from the images themselves is

not possible. However, analysis of image data does provide

insight into the effect of plant cover upon the mapping of
alteration effects and [ithologic units.

Field surveys of the shrub, grass, and juniper cover were

made for selected areas in the test site during July 1981.
The surveys consisted of simple 10-m transects to count

plant types and to determine percent ground cover. The

data from these sites (Table 9-17) were used to construct

calibration curves for the image data used in the exercise.

Figure 9-52 is a density slice of the band-ratio 6/8 (i.e.,

Landsat 5/6) from the M'S data of the northern flight line

(subarea I). For neutral backgrounds in the absence of

strong coloring effects in the rock or soil substrate due to

Fe +_, or in the absence of abundant dead vegetation, this

ratio is relatively sensitive to the presence of chlorophyll

pigmentation. The ratio indexes the "strength" of the chlo-

rophyll absorption near 0.65 ptm relative to the level of the

adjacent continuum at 0.72 tzm. For strongly varying back-

grounds, the image can be expected to provide the most
accurate results where density of green vegetation is high

so that background effects are minimized. Wholesale inter-

pretation of the image by itself in terms of a variation in

plant cover alone is of course not warranted.
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Table 9-17. Vegetation, density, and image data for 6/8 M2S density slice (data collected July 1981 )

Site a
Vegetation Estimated Average

Total
Type Percent Range Image Color b DN Values Cover, %

Range of
Cover

Estimate, %

CI

TI

TI!

Till

Sage 5
Grass 17 _

Juniper I -5

Sage 26 15-54
Grass Minor Minor

Grass 27

Juniper 26 I I 36
Sage 14 0 31

"Fuller" Cottonwood

Creek (FC) Sage

Fuller Bare

Office (FO)

Light blue 140-166 17

Light blue 140-166 17

Light blue 140-166 17

Light blue 140-166 35

Light blue 140-166 35

Light blue 140 166 27

Dark green 31 44 33
Dark brown 31 44 33

Dark red

Dark blue 0 13 60-70 c

Dark blue 0--13 60-70 _

Red-orange 219-235 0 _

d

d

d

26-56

26-56

20-31

12-55

12-55

_Site locations given in Figure 9-52.
hFrom Figure 9-52.

_Range not available.

_Single traverse only.

_Visual estimate of canopy.
Wisual estimate of cover.

Approximate vegetation cover density may be obtained

using the percent cover data of Table 9-17 together with

the corresponding color code of DN equivalent. The cali-

bration relationship obtained is shown in Figure 9-53. The

larger error bars found for the measured points reflect

much heterogeneity in the ground cover at the scale of the

10-m transects. These transects correspond approximately

to the pixel size in this rendition.

When the vegetation community distribution is com-

pared with the distribution of colors in the image rendi-

tion, it can be noticed that generally sagebrush-grasslands

are areas of low vegetation density. Juniper-covered areas

have intermediate densities, and the riparian and meadow

sites have high densities. In a few places (for example

between sites CI and Till) sharp color boundaries on the

image correspond to major changes in vegetation types.

Using this key for the signature of juniper-dominated ter-

rain (i.e,, dark red and green mixed image colors near

Till), it can be inferred that extensive juniper cover can be

found over portions of the old pediment surface near the

Arrowhead Mine (which is anomalous for its locale) and

both east and west of this point. This may explain in part

the irregular distribution of oxidation effects mapped over

pediments in this area in the M2S CRCs (Figure 9-35) and

NS-001 PC images (Figure 9-28).

The image of Figure 9-52 may be used to refine and

extend the distribution of riparian and meadow communi-
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Figure 9-53. Calibration line for the M2S band-ratio 6/8, equivalent

Io the Landsat MSS band-ratio 5/6. The "X" near Fuller Creek rep-
resents a visual estimate of vegetation cover. Fuller Office is a
cleared area. Till and TI, TII, and CI are mean values of vegetation
cover obtained from multiple field transects. Ranges of DN values
were estimaled from Figure 9-52, and the color scale is given in
Figure 9-52.
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ties and possibly the distribution of juniper elsewhere as
well when compared to the generalized RME vegetation

community map. This procedure would best be carried out

with aerial photographs or other image data to secure sep-

aration of topographic and lithologic effects from those of

the vegetation. The image could then form a useful guide

to a quantitative assessment of plant cover variations.

E. Analysis of M2S Thermal Data

Thermal-infrared image data were acquired over the

Copper Mountain test site with the MzS scanner operating
in the 8.0 to 13.5 #m region. Two data flights occurred, one

near noon, and the other predawn (night) on August 29,

1979. The data were processed in the standard fashion to

reformat the bands (day data) and geometrically correct

the panorama distortion. Further processing was done to

register the nighttime data to the daytime data by identify-

ing a large number of common tie points, then creating a

"rubber sheet" stretch to force the geometry of the night-
time data to fit the daytime data.

The times of overflight were selected for different rea-

sons. The daytime thermal data were acquired simultane-

ously with the 10 channels of visible and near-infrared

reflectance data. The near-noon time was dictated by the
desire to minimize shadow effects and maximize illumina-

tion. The nighttime data were acquired during predawn

hours because of a combination of factors: (1) tempera-

tures are relatively stable, (2) the effects of topography are

greatly reduced or absent, and (3) large temperature dif-

ferences occur for materials with varying emissivities
(Kahle, 1980).

An effective, simple method of displaying the thermal

and albedo information is to produce a color composite,

assigning each of the three data types to either red, blue, or
green (Kahle et al., 1981). Such a method was used to cre-

ate the color image shown in Figure 9-54, which has an

interpretive overlay superposed. The explanation of the

unit symbols is given in Table 9-18.

The Precambrian granites appear red on the image: they

have low albedo (green), low nighttime temperature

(blue), and high daytime temperature (red). Limestones

appear yellow to yellow-green, due to high albedo and

moderate to high daytime/low nighttime temperatures.

The Tensleep Sandstone is orange, implying lower albedo

and higher daytime temperature than the limestone. This

separation could not be made on the NS-001 PC images.

The Wagon Bed Formation is green, blue-green, and

yellow, depending on the lithology present. High-albedo
consolidated materials are warmer in the daytime and tend

Table 9-18. Explanation of unit symbols in Figure 9-54

Symbol Corresponding Unit

Qal Alluvium

Qoa Older alluvium

Qg Gravel

Twb Wagon Bed Formation

Twr Wind River Formation

C Conglomerate
Ss Sandstone

Silt Siltstone

Mm Madison Limestone

Ls Limestone

Pt Tensleep Sandstone
Pma Amsden Formation

E'gv Gros Venire Formation
_f Flathead Sandstone

Ag Granite

Am Metasedimentary rocks

more toward a yellow color than the green color of the

high-albedo claystones. The bluer areas of Wagon Bed

imply higher nighttime temperatures due to lower albedo

(the areas absorb more energy). The Wind River Forma-
tion is not only the most extensive unit in the area, but also

the most variable in color. Purple areas (labeled Ss) are

sandstone facies, which have low albedo and high daytime

and nighttime temperatures. The green areas are higher-

albedo facies that do not heat up in the day and are cold at

night. Yellow areas are conglomeratic or sandy facies,

which have high albedos, but heat up in the daytime.
Thin, blue areas are coal beds, which have low albedos

and stay warm at night. Gravel outcrops have variable

colors, depending on the source material and degree of
consolidation.

The amount of lithologic separation on this image is
substantial. A fair amount can be attributed to albedo and

the related temperature effects, though not everything.

While there is only limited additional information com-

pared to what the visible and near-infrared data can pro-

vide, thermal data can add to geologic mapping,

particularly where density and thermal conductivity differ-

ences between rock units are important.

F. Interpretation of Landsat MSS Data

1. Introduction. Four Landsat MSS scenes covering
Copper Mountain were obtained in digital form from the

Earth Resources Observation Systems (EROS) Data
Center (Table 9-19).

The March and December scenes were taken at times

with excessive snow cover, and therefore were not used.

The October and July scenes were further processed using
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Table 9-19. Landaat MSS scenes

Date Acquired Scene Number

March 26, 1973 10246-17251
July 5, 1976 20530-17060
December 14, 1976 20692-17003
October 16, 1977 20998-16453

contrast enhancements, PC analysis, and band ratioing.
Examination of these products indicated that the decorre-

lation stretch and band ratioing of the October data were

the most useful; these two products will be described in
more detail below.

2. False-color infrared composite. The full-scene Octo-

ber Landsat image shown in Figure 9-55 is a composite of

MSS bands 4, 5, and 7 displayed as blue, green, and red,

respectively. The data were processed using decorrelation

stretching techniques, which greatly exaggerate saturation

and intensity variations, but preserve the hue information.

The most striking features in the scene are the yellow

areas, which correspond to red beds. These are mostly
Triassic sandstones and siltstones; some of the more dif-

fuse areas are either alluvium derived from outcrops of
these rocks or redder facies of the Tertiary section.

Red-colored areas have heavy vegetation cover and cor-

respond to river valleys, cultivated fields, tree-covered

mountainous areas, and grasslands. The red color is due to

the relatively high reflectance of vegetation in MSS 7 (the

red component), and relatively low reflectance in MSS 4

and MSS 5. Blue areas are spectrally flat, vegetation-free

rocks and soils. The increased atmospheric scattering in
the shorter wavelengths (predominantly band 4) contrib-

utes the relatively higher blue component. Water bodies

are black due to very low reflectance in all wavelength
bands.

The extensive mapping information contained in these

data has been studied and reported for an adjoining area

in Wyoming by Houston et al. (1977). They interpreted
Landsat MSS data and compared their results with the

published geologic map of Wyoming. More accurate por-
trayal of outcrop patterns and the subdivision of certain

units were the major improvements reported.

A similar analysis (Figure 9-56) was done for this report

of area A shown on Figure 9-55 along the eastern flank of

the Bighorn Mountains. A tracing of the published geo-
logic map (Love et al., 1955) covering this area is shown as

Figure 9-56(a). The unit numbers are explained in Table
9-20.

The map shows several contacts as dashed lines, indicat-

ing only approximate locations. Contacts are smooth and

without detail; no structures are shown. An interpretation
map of the Landsat MSS data is shown for comparison in

Figure 9-56(b). More detail can be seen in the shapes of
the contacts between units. Individual units are discrim-

inable based on color differences in the image related to

the rock type. For example, unit 11, the Chugwater, Din-

woody, and Phosphoria Formations, is yellow in color on

the image, indicating that the rocks are red. The gray to

black shales appear dark on the image because they have

low reflectance in the Landsat MSS bands. Grossly the

geology is similar; in detail there is more information on

the Landsat interpretation, indicating mapping inaccu-

racies on the state of Wyoming map.

A structural interpretation based on the interpreted out-

crop patterns and bedding attitudes visible on the Landsat

MSS image is shown in Figure 9-56(c). The synclines and

anticlines reveal a pattern of intense folding in this area.

The state map shows no structural information at all. It is

clear from this example that Landsat data can provide a
valuable basis for updating and upgrading regional geo-

logic maps, even for areas which were thought to be fairly

well mapped.

3. Color ratio composite (CRC). The process of band

ratioing to highlight lithologic differences was first

reported by Rowan et al. (1974). Ratioing subdues topo-

graphic effects and enhances subtle color differences by

portraying spectral reflectance slopes rather than albedo
information. A CRC of the Landsat MSS data for the area

around Copper Mountain (area B in Figure 9-55) is shown
in Figure 9-57. This image is a combination of band-ratios

4/5, 4/6, and 6/7 displayed as blue, green, and red, respec-

tively. This particular combination depicts vegetation in

blue (higher reflectance in the green when compared to the
red part of the spectrum) and iron oxides in red (due to a

ferric-iron absorption band near !.0 #m). Most of the

image is dominated by the presence of vegetation in the

mountains. The oxidized granites at Copper Mountain

appear as red patches on the image (areas marked A).

However, similar-appearing red patches correspond to
outcrops of Triassic red beds (areas marked B) and red

beds in the Tertiary section (areas marked C and scattered

areas in the southern third of the image). At the scale of
this image (covering 28 by 35 km), Copper Mountain is

still a very small area. It is doubtful whether the oxidized

granites would have been found in a regional survey using
an entire Landsat scene due to the small size of the area of

interest.
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0 20 40 km
I I J

Figure 9-55. Landsat MSS scene covering central Wyoming and Copper Mountain (frame number 20998-16453, acquired October 16, 1977).

Bands 4, 5, and 7 are displayed as blue, green, and red, respectively. Geologic interpretation of area A appears in Figure 9-56; CRC of area B

appears in Figure 9-57.
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Figure 9-56. Interpretations of area A from Figure 9-55: (a) published geologic map (Love et al., 1955); (b) interpretation from Landsat image;

(c) structures interpreled from Landsat image. See Table 9-20 Ior unit designations.
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Table 9-20. Descriptions ol units in Landsat MSS interpretation (Figure 9-56)

Unit Age Name Description

I Recent Alluvium

2 Tertiary Wasatch Formation

3 Tertiary Fort Union Formation

4 Cretaceous Lance Formation

5 Cretaceous Mesaverde Formation

6 Cretaceous Cody Shale

7 Cretaceous Frontier Formation

8 Cretaceous Mowry and

Thermopolis Shales

9 Cretaceous- Cloverly and Morrison
Jurassic Formations

10 Jurassic Sundance Formation

1I Triassic- Chugwater, Dinwoody,

Permian and Phosphoria
Formations

12 Carboniferous Tensleep Sandstone
and Amsden Formation

13 Carboniferous Madison Limestone

Drab-colored sandstone, claystone, and shale

Brown to gray sandstone, and black shale

Brown, gray, and tan sandstone

Gray to tan sandstone and shale

Gray shale

Gray shale and sandstone

Black and gray shale, and tan sandstone

Light-gray sandstone, and variegated claystones

Greenish-gray and red sandstone and shale

Red shale and sandstone, and cherty dolomite

Gray sandstone, and limestone

Blue-gray limestone

G. PC Images Based on Covarlance and

Correlation Matrices

I. Difference between covariance and correlation formu-

lations. In the Lisbon Valley, Utah, Uranium Test Site

Report, Section 8, Appendix A, it was shown that if the

relationship between encoded p-channel scanner radiance

DN_ and nondirectional (Lambertian) surface reflectance

0, is of the form

= ' -" (i--1,. ,,p) (9-1)DN_ kip_ + k _

where k', and k'_ are constants, then the elements of the

covariance matrix u_j computed from the DNz are related

to the elements of the covariance matrix u_ computed from

the p, by the relationship

u i_ = k{k;u{j (9-2)

and the covariance matrix is independent of the constant

offset (additive terms k '_ ). In addition, elements of the cor-

relation matrix c_ are related to elements of the covariance

matrix by

Ilij

= (9-3)

Using the relationship (9-2) in Eq. (9-3) it is easily seen

that the correlation matrix is independent of the constant

gain factors k_. The factors k_ and k '_ incorporate instru-

mental and atmospheric parameters plus possible micro-

scopic non-Lambertian reflectance properties of the

surface. Thus the correlation matrix is seen to be indepen-

dent of atmospheric and instrumental effects in the linear

model, and has numerical values that would be obtained if

it were computed from the surface reflectances directly.

PC images are usually calculated using eigenvectors

derived from the scene covariance matrix, and thus con-

tain atmospheric/instrumental effects in each component

stemming from inclusion of the cross-channel gain factor

products k',k_. It was shown in Section 8, Appendix A, that

these gain factor products generate a dilation (or contrac-

tion) plus a rotation of the scatter ellipsoid between the so-

called calibrated (gain factors removed) and uncalibrated

(gain factors not removed) covariance matrices.

The color effects introduced in images by rotation and

dilatation (i.e., noncalibration) of the radiance data swarm

are not obvious from these calculations, but it is easy to

eliminate effects introduced by the gain factors by calculat-

ing PCs using the correlation matrix. Examples of PC

images derived from the correlation and from the covari-

ance matrices for the southern line of NS-001 data at

Copper Mountain are presented in the following paragraphs.

2. Comparison of images. The two PC images used in

this comparison are shown in Figure 9-58. The processing

for each is identical with the exception that the PCs for
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Figure 9-58(a) were generated from eigenvectors of the

correlation matrix, while those of Figure 9-58(b) were
derived from the covariance matrix. The covariance and

correlation matrices used for calculation of the PCs are

given in Tables 9-9 and 9-21, respectively.

A PC transformation of byte data requires a rescaling

after transformation. This was done automatically by

choosing a linear scaling factor that saturated 0.5 percent

of the data at 0 DN and 0.5 percent of the data at 255 DN.

Since this rescaling method relies entirely on the outriding

points of the distributions, the distribution functions for

the bulk of the data do not necessarily match for the two

images. Furthermore no attempt was made to force the
two distribution functions to match in this example. Con-

trast stretches were made for one image and the same

stretches applied to the other, i.e., an attempt was made to

apply precisely the same contrast enhancement to each

image product.

Comparison of the two images of Figure 9-58 shows the

results to be nearly equivalent visually. Images that
include the first PC rather than the fourth show even

greater similarity. Closer correspondence could be

achieved by matching one image to the other using appro-

priate but dissimilar contrast stretches.

These results suggest that computationally the covari-
ance matrix based on the reflectances and the covariance

matrix based on the DN are proportional element for ele-

ment, and that the multiplicative factors connecting matrix

elements in Eq. (9-2) are nearly equal. Therefore these fac-

tors may be removed (approximately) from the matrix

formed from the right-hand side. The factor so removed
becomes an additional constant multiplier that is inconse-

quential in determining the eigenvectors and merely scales

the eigenvalues, all equally. Formation of the correlation
matrix of course rcmovcs the influence of the cross-

multiplied gain factors exactly, as indicated by Eq. (9-3).

Analysis of image data using the PC method based upon
the correlation rather than the covariance matrix for the

Table g-21. Copper Mountain NS-001 southern line correlaUon

matrix, August 1979 (2,255,400 samples)

1,000

0.933 1.000

0.920 0.957 1.000

0,823 0.875 0.914

0.780 0.833 0,887

0.833 0.880 0.934

0,814 0.854 0.911

1.000

0.972 1.0013

0.872 0.917 1.000

0.832 0.866 0,952 1.000

calculation of eigenvectors thus minimizes the influences

of atmospheric and instrumental factors insofar as the
transformant itself is concerned, without the need for labo-

rious radiance calibration of the image data. This result

exploits the linear relationships between encoded scanner

radiance and surface reflectance found to hold widely for

aircraft image data. For the data sets employed, the results

using the covariance matrix eigenvectors are essentially

equivalent.

A closely related transformation, commonly referred to

as the canonical transform, employs between- and within-

group scatter matrices to find directions along which speci-

fied groups are separated as much as possible relative to

scatter within the groups. It may be possible to employ
equivalent between- and within-group correlation matrices
for determination of their direction. In this case the canon-

ical transform is also rendered independent of instrumen-

tal and atmospheric effects.

3. Inferences about tile calibration relationship. The

close similarity between PC images based upon the corre-

lation matrix and the covariance matrix suggests that the

relationship between scanner DN and surface reflectance

is approximately linear, which is argued as follows.

The ith PC V_is formed algebraically from the p-
component eigenvector X_ by the relationship

V_ _ _ )_i DNj
j-1

when the DNjs are scanner radiance values in channel j.

Apart from scaling transformations, which in any event are

the same for the two images of Figure 9-58, the PCs dis-
played are functions of the ,_j. These are computed from
the covariance and correlation matrix. The observation is

that PCs for the two images are the same and therefore

that the eigenvectors for the two images are nearly paral-

lel. From Section 8, Appendix A, eigenvectors of the scat-
ter ellipsoid are unchanged if gain factors in the

calibration relationship are equal because they may be fac-

tored from the matrix. Computationally the variances for

all channels, i.e., u_, are observed to be nearly equal. Con-

sequently all factors 1/_are similar, leading to the
result that the covariance and correlation matrices are

approximately proportional to each other and that their

eigenvectors are thus nearly parallel. Linear transforma-
tion on the DN values, from which these matrices are com-

puted, is the only transformation in which the "gain"

factors alone appear as multiplication terms. This implies
that the calibration relationship is approximately linear.
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Since a quantitative means of comparing images is not

available it can only be concluded that this relationship is
approximate (i.e., any nonlinear terms are likely to be of

second-order importance).

XI. Summary of Geology and Models

A. Geologic Setting of the Study Area

The eastern Owl Creek Mountains (Bridger Mountains)

are located in central Wyoming and form the northern

boundary of the Wind River Basin. Copper Mountain con-

sists of a core of Precambrian metasedimentary and gra-

nitic rocks overlain with minimal unconformity by

Paleozoic sandstones, shales, and limestones (Flathead,

Gros Ventre, Gallatin, Bighorn, Madison) that form an

arcuate dip slope on the northern side of the range dipping
to the north and northeast.

In Laramide time the mountains were thrust southward

over upturned Paleozoic and Mesozoic sediments deep in
the basin. The "toe" of the thrust collapsed in a series of

steeply dipping normal faults that mainly trend in an east-
west direction. These faults with sever_il thousand feet of

displacement cut the Paleozoic rocks and the granites, and

at the present time form boundaries of structural outliers

of Paleozoic and granitic rock that are as much as several
miles removed from the mountain front (Steffen Hill).

A series of soft fluvial and tuffaceous sedimentary rocks

and gravels comprising the Lower Eocene Wind River

Formation and the Middle and Upper Eocene Wagon Bed

(Tepee Trail) Formation fill the basin to the south and lap

onto the granitic (and locally the Paleozoic) rocks along
the range front. The base of the Wind River Formation is

generally not exposed, except in Steffen Hill where the for-
mation rests on the Paleozoic section and Precambrian

granitic rocks. The Wagon Bed Formation was deposited
on a topographically rough surface cut in the deformed

Wind River sediments and upon pediments cut in the

granites. Locally the Wagon Bed is composed of sediments

derived from scarps and hillsides in the underlying Wind
River section. The Wagon Bed also contains boulder trains

of granitic and metasedimentary rocks in high-energy dep-

ositional sites along canyons and near scarps in the Pre-

cambrian terrain. The bouldery Wagon Bed sediments

were mostly deposited in paleovalleys cut in the mountains

and, together with later formations, probably covered the
mountain at one time. Since Miocene time, continued

uplift and erosion has stripped this soft sedimentary cover

from the range, exposing the mountain and portions of the

granite pediment surface along the mountain front. Ero-

sional new units of the bouldery Wagon Bed can be found

at elevations as high as 7200 ft in Bridger Basin north of

the crest and to elevations of 6800 ft in, for example, the
West Fork of Dry Creek.

Following deposition of Wagon Bed sediments, the sedi-

ments were faulted and folded and a pediment surface cut

in them along the range front. The Wagon Bed pediment

(also possibly the older granitic pediment) was capped by

gravels of Pleistocene and Holocene age that have them-

selves been uplifted and now exist as dissected fans and as
terrace remnants.

B. Uranium Mineralization and Relations to Oxidation

Yellich et al. (1978) described uranium mineralization

(Canning deposit) in fractured granites at Copper Moun-

tain. A supergene origin was proposed in which uranium
was leached from the granites and possibly the overlying

sediments and deposited at depth by downward-migrating
solutions in fractured, porous, and chemically reducing
environments beneath. These same solutions were envi-

sioned to be agents oxidizing the granites exposed at the

surface. This process is analogous to the formation of a

roll-type deposit in a sandstone environment; in the pres-

ent case, however, oxidized rock at the surface represented

a vertically oriented alteration tongue with ore fluids

moving predominantly vertically as opposed to predomi-

nantly horizontally as in the case of a sandstone deposit. In

the analogy the oxidized horizons would form ready

guides to mineralization in the granite.

Examination of the origin and age relations of the oxi-

dized surface layer itself suggests a more complicated pic-
ture. Several alternatives are possible:

(1) The oxidized horizon in the granites corresponds to

a pre-Middle Eocene, pre-Wagon Bed Formation
weathered surface developed on pediments locally

exposed by erosion. Drill-core evidence indicates the
weathering surface may have been incised and the

oxidized layer removed locally or may have been

prevented from developing along major paleostream

channels cutting it in pre-Wagon Bed time. The

leaching of uranium from the granites and its trans-

port to the structurally prepared rocks beneath

accompanied development of the weathered horizon

in accordance with the supergene model. Material

balance calculations by RME geologists tabulating
the available leachable uranium in the granites

versus the accumulated sooty pitchblende at depth

indicate this episode of mineralization would

account for no greater than one-half of the minerali-

zation present in the deposit. Subsequently burial by
sediments and uranium-rich tuffaceous rocks of the
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(2)

(3)

mid-Eocene and later formations filled the stream

channels and buried the pediment surface, and by

mid-Miocene time covered the mountain range

itself. During this period circulation of oxygen-rich

surface waters through the granites beneath the sedi-

ments ceased, and uranium deposition terminated.

Uplift and erosion subsequent to mid-Miocene time

partially stripped the Tertiary cover, reexposing the

granites and at the same time reinitiated uranium

leaching and redistribution into the granites and

into the Tertiary sediments themselves. This second

period of mineralization is visualized by RME geol-

ogists as contributing the remainder of the uranium

now found in the Canning deposit. The present dis-

tribution of mineralization in the granites at depth

closely reflects the present distribution of Tertiary

cover, insofar as this clay-choked sedimentary blan-

ket prevents effective circulation of oxygenated
water that would act to remobiIize uranium and

destroy the deposit.

The distribution of weathering in the granite, where

exposed beneath Tertiary cover, thus is pictured as

representing approximately the first half of the total

mineralization history of this resource, Surface oxi-

dation of the granite in this picture represents a
necessary but not a sufficient condition for the
occurrence of mineralization. A sufficient condition

includes the existence of structurally prepared,

chemically reducing environments in the granites at

depth. Determination of the distribution of such

environments is outside the scope of remote sensing
methods.

A second alternative is that the surface-oxidation

effects are of late origin and that the)' accompanied

the reexposure of the granites to subaerial weather-
ing conditions after extended "weathering" in satu-

rated, aqueous, subsurface environments. This idea
combines the notion of Thaden (1980b) with

observations from the present study that the oxida-

tion may be of late origin, possibly post-Pleistocene.

In this case the surface-weathering effects are less

important for uranium prospecting because the oxi-
dation effects postdate most of the supposed miner-

alization episodes. The distribution of oxidation

may conceivably be a secondary indicator of propy-

litic or other hydrothermal alteration.

A third alternative for a mineralization model is that

presented by Shrier and Parry (1982). They attempt
to incorporate the observational data into a low-

temperature hydrothermal model for the deposit.

This involves radioactive heat driving the circulation

of a closed water-rich system in the granite, where

the uranium is dissolved and the rock altered by the

transporting solutions. Observationally the altera-

tion effects are dominated by Na-montmorillonite

from K-feldspar, sericite replacing plagioclase and

biotite, and chlorite sporadically replacing biotite,

This view of the applicable alteration mineralogy sug-

gests many species with hydrous absorptions near 2.3 to

2.5 _m which might be of use in remote sensing studies.

Laboratory studies indicate the important low-temperature
propylitic alterations may be masked by more important

(opaque) iron-oxidation products and the iron minerals

may themselves be destroyed.

XlI. Conclusions

(1) The relations between ore deposition and observ-

able surface effects of the deposition process are not

settled and need further study, i.e., the model is in

question.

(2) The supergene and hydrothermal models make spe-

cific predictions, but the supergene model alone is

subject to testing using remote sensing data. This

results from the masking of the alteration effects

(mainly hydrous silicates and epidote) in the hydro-

thermal model by iron oxides that result from sur-

face weathering.

(3) The spectral reflectance characteristics of iron-oxide

coatings and uncoated substrates were studied by

using the dithionite-citrate extraction method to

remove iron-oxide coatings. Subtle, masked, spectral

absorption bands were revealed when the coatings

were removed. However, these coatings effectively
masked spectral features that are important for veri-

fication of the ore-deposition models,

(4) The NS-001 Thematic Mapper Simulator data were

examined for geological information by comparison

of PC composites with existing detailed geologic
maps. The scanner data could be used to recover

most of the lithologic boundaries appearing on the

published maps. In addition, problems encountered

during the field mapping could be resolved using the
scanner data. This additional information, com-

bined with a faithful representation of lithologic

boundaries, indicates that the NS-001 wavelength
bands and the 15-m spatial resolution of the aircraft

scanner can be used to produce detailed, accurate

geologic maps.

(5) The distribution and subdivision of six Quaternary

gravel deposits were successfully accomplished using
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the NS-001 data. These units were not separated on
the published maps of the area. Separation was

based on spectral differences of the different-aged

units, morphological appearances, and inferred

overlap relationships.

(6) The Bendix I i-channel M2S scanner data were used

to map the distribution and intensity of iron-oxide-

coated materials. A density slice of the band-ratio 4/6

was quantitatively related to the degree of oxidation

by calibration with field-acquired reflectance mea-

surements. The resulting image displayed the distri-

bution of all iron-oxide-bearing rocks without
regard to source. No separations were made

between moderately oxidized granites and Paleozoic

red beds. However, oxidized granites associated
with uranium occurrences were found to be the

most intcnsely oxidized areas in the M2S density

slice image.

(7) The NS-001 PC images portray the oxidized granites

in a color distinct from the display of other iron-

oxide-bearing rocks. This indicates that spectral

information from the wavelength region beyond

1.0 _m may contribute to separating different types

of iron-bearing rocks. Analysis of field spectral mea-
surements supports this conclusion: the association

of hydrous minerals (clays) with the altered granites
produces spectral absorption features near 2.2 _m

which are being sensed by the NS-001 scanner

bands. However, the iron absorptions dominate,

(8) Oxidation patterns in the granite were found to be

related to old, exposed pediments and to old,

exposed paleosurfaces in pre-Middle Eocene valleys

in the range. These mantled areas probably reflect
topography long covered and weathered in water-

saturated environments and thus subject to more

rapid subaerial weathering and oxidation.

(9) Good agreement is obtained in the comparison of
published SCS soil maps and image data. The soil

units are important because they represent the sur-

face horizon actually measured in remote sensing

studies. The study of soils and weathered layers

should reflect the importance of the surface layer

because remote sensing data of this type can greatly
aid soil mapping projects.

(10) The relationship between uranium mineralization

and surface oxidation of the granites remains unre-

solved. The distribution of mineral deposits proba-

bly reflects a relatively modern influence of uranium

deposit removal by vertically circulating waters after

the capping Tertiary sediments have been removed

by erosion. This problem cannot be pursued further
without access to additional detailed drill-core data

and probably further drilling in the area at sites that

would be scientifically beneficial but probably com-
mercially unattractive.

(I 1) Directional effects in the scanner data arising at the

surface are prominent. They are not removed by
atmospheric correction procedures that assume

homogeneous surface reflectance, and they pose

problems for accurate mosaicking of image data

when large angular fields of view are involved in

areas with substantial topographic relief.

(12) PC images can be prepared in two ways: (I) using

the correlation matrix, and (2) using the covariance

matrix. The images that result are equivalent. Those
of the correlation matrix eliminate all atmospheric
and instrumental effects in the transformation based

on a linear model of the relation between scanner

radiance and surface reflectance.

After completion of the present report, a new study on

the Copper Mountain Uranium District was reported by

geologists of the Bendix Field Engineering Corporation
working with the National Uranium Resource Evaluation

(NURE) Program of the Department of Energy (Sayala et

al., 1982). This report provides geological, geochemical,

geophysical, and soil survey data on the occurrences of

uranium, ages of ore deposition, detailed maps of mineral-

ization distribution (not previously available), as well as
additional thoughts on models of occurrence for the

deposit. For further information about the site, refer to this

extensive compendium.
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Appendix A

Plant Species List for the Copper Mountain Test Site

The following plant list, which covers the area depicted in Figure 9-4, was prepared and provided by RME botanists,
October 1976.

Scientific Name Common Name Scientific Name Common Name

Anacardiaceae

Rhus trilobata

Apiaceae

Lomarium sp.

Cr,mopterus sp.

Asteraceae

A chillea mill_foliurtl

A mennaria microphvlla
A ntennaria rosea

d rternisia cana

A rtemisia Jkigida

A rtemisia pedat!fida

A rtemisia porteri
A rtemisia tridentata

Bahia nudicauIis

CetHaltreLt r_'toe?ls

ChaenaczL_' douglassii

Chrvsolhamnus nauseosl_S

Chrpsothamnux viscidiflorus
Chichorium intvbus

Cirsium sp.

Erigeron Dumilus

Grindelia spuarrosa

Gutierrezia sarothrae

tlaplopappus multicaulis

Haplopappus sp.

ltaplopappus .spinulosus

Helianthus rlgidus
Ileterotheca villosa

H_'menopappus,/il!f'olius

[]Ftne_o__(!'s afalg[is

Ira axillaris

lva xanthifolia

Machaeranlhera eaneseens

Taraxacum officinale

W3'ethia .wabra

Betulaceae

Betula occidentalis

sumac family
skunkbush sumac

carrot family
biscuitroot

cymopterus

sunflower family

common ,,,arrow

littleleaf pussytoes

rose pussytoes

silver sagebrush

fringed sagewort

birdfoot sagewort

Porter sagewort

basin big sagebrush

basin bahia

Russian centaurea

Douglas dusty maiden
rubber rabbitbrush

Douglas rabbitbrush

common chicory

thistle

low fleabane

curlycup gumweed
broom snakeweed

stemmy goldenweed

goldcnwecd

ironplant goldenweed
stiff sunflower

hairy goldenaster

fineleaf hymenopappus

stemlcss actinea

poverty sumpwced

rag sumpweed

hoary tansyaster
common dandelion

badlands wyethia

birch family

water birch

Boraginaceae borage family

Cr)Ttantha sp. cryptantha

Brassicaccae mustard family

Cardaria pubescens hairy whitetop

Descurainia sophia flixweed tansymustard

Lepidiunl virginicum Virginia pepperweed

Sisvmbrium h'n(folium unnamed hedgemustard

Stanle)'a pinnata desert princesplume

l'hlaspi arvense field pennycress

Cactaceae cactus family

Opunria polvacantha plains pricklypear

Capri foliaceae honeysuckle family

A[vmphoricarpos sp. snowberry

Caryophyllaceae pink family

A renaria (hookerii) sp. sandwort

Cerastiunl arvense starry cerastium

Chenopodiaceae goose foot family

A triph, x confert![blia shadscale sahbush

d triplex gordonii Gordon saltbush

d triplex sp. saltbush

A triplex wo(]ii Wolf sahbush
Ceratoides lanata winterfal

Chenopodium sp. goose_bot

Halogeton glomeratus halogeton

Kochia s_ oparia fireweed summercypress

Sarcobatus vermicu&tus black greasewood

Cornaceae dogwood family

Cornus stohmifera redosier dogwood

Crassulaceae stonecrop family

Sedum laneeolatum wormleaf stonecrop

Cupressaceae juniper family

Juniflerus asteo._perma Utah juniper

,]uniperas _x'o[mlorum Rocky Mountain juniper

Cyperaceae sedge family

Carex fili[olia threadleaf sedge

('arex sp. sedge
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Scientific Name Common Name Scientific Name Common Name

Juncaceae rush family

Juncus sp. rush

Luzula sp. woodrush

Lamiaceae mint family

Mentha arvensis field mint

Leguminosae pea family

A stragalus bisulcatus two-grooved milkvetch

A stragalus grayi Gray milkvetch

A stragalus sp. milkvetch

Glyc),rrhiza lepidota American licorice

Lupinus argenteus silvery lupine

Lupinus lepidus pacific lupine

Melilotus officinalis yellow sweetclover

Oxvtropis besseyi Bessey locoweed

Psoralea lanceolata lemon scurfpea

Trifoh'um sp. clover

Vicia americana American vetch

Liliaceae lily family

A Ilium textile prairie onion

Calochortus nuttallii mariposa lily

Malvaceae mallow family

Sphaeralcea coccinea scarlet globemallow

Onagraceae evening primrose family

Epilobium anagallidifolium alpine willowherb

Oenothera caespitosa tufted evening primrose

Orobanchaceae broomrape family

Orobanchefasciculata purple broomrape

Pinaceae pine family

Pinusflexilis limber pine

Plan taginaceae plantain family

Plantago patagonica woolly plantain

Poaceae grass family

A grop/ron das),stachyum thickspike wheatgrass

A gropyron smithii western wheatgrass

Agropyron sp. wheatgrass

A grop),ron spicatum bluebunch wheatgrass

A grostis exarata spike bentgrass

Agrostis sp. bentgrass

Aristidafendleriana Fendler threeawn

A ristida longiseta red th reeawn

Bouteloua gracilis blue grama

Bromus inermis smooth brome

Bromusjaponicus Japanese brome

Bromus leclorum cheatgrass brome

Distichlis stricta inland saltgrass

El),mus canadensis Canada wildrye

El),mus cinereus basin wildrye

Hordeumjubatum foxtail barley

Koeleria macrantha prairie junegrass

Muhlenbergiafiliformis pullup muhly

Munroa squarrosa false buffalograss

Or),zopsis hymenoides Indian ricegrass

Poa pratensis Kentucky bluegrass

Poa sandbergff Sandberg bluegrass

Poa sp. bluegrass

Polypogon sp. beardgrass

Schizachyrium scoparium little bluestem

Sitanion h vstrix bottlebrush squirreltail

Sporobolus airoides alkali sacaton

Stipa comata needle-and-thread grass

Vulpia octoflora sixweeks rescue

Polemoniaceae phlox family

Ipomopsis spicata spike gilia

Leptodactvlon caespitosum mat pricklygilia

Phlox hoodii Hood phlox

Polygonaceae buckwheat family

_'rtogonum brevicau:e shortstem wildhuckwheat

Eriogonum oval!_)lium cushion wildbuckwheat

Eriogonum sp. wildbuckwheat

Portulacaceae purslane family

Lewisia rediviva bitterroot lewisia

Primulaceae primrose family

Dodecatheon pulehellum darkthroat shootingstar

Ranunculaceae buttercup family

Delphinium sp. larkspur

RoJaceae rose lhmily

Prunus virginiana common chokecherry

Rosa sayi prickly rose

Rosa sp. rose

Salicaceae willow family

Populus angustifolia narrowleaf cottonwood

Populus deltoide._" plains cottonwood

Populus tremuloides quaking aspen

Salix exigua coyote willow

Saxifragaceae currant family
Ribes inerme whitestem currant

Scrophulariaceae figwort family

Castilleja chromosa desert Indian paintbrush

Mimulus guttatus common mon/¢eytlower

Orthocarpos luteus yellow owlclover

Penstemon angustifolius na rrowleaf penstemon

Penstemon eriantherus fuzzytongue penstemon

Penstemon nitidus waxleaf penstemon

Veronica americana American speedwell

Tamaricaceae tamarisk family

Tamarix chilensis tamarisk
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Appendix B

Correspondence Between Soil Mapping and Geologic Mapping Units

This appendix tabulates examples of the correspondence between soil mapping units and geologic mapping units. The

soil mapping units and soil series data are from descriptions provided by J. Iiams, SCS, 1982. Where typical pedons fall

within the area of geologic mapping, equivalent geologic units for soil series are also given.

Table B-1. Examples of geologic and soil unit correspondences a

Soil
Unit Geologic Unit and Location

102

104

105

206

206f

231

237

242

271

274

277

298

306

342

372

3109

2a32

2a32s

2t72

2gll

2g72

2nll

Twb, near Dry Creek, Sec. 31, T40N, R92W

Paleozoic outcrop undivided, Steffen Hill, Secs. 5 and 6, T39N, R92W; Cg, Ob, Mm

Twb, Secs. 2, 3, and 4, T39N, R92W, Sec, 13, T4ON, R92W

Qa I, Dry Creek granitic, Twb sources, Sec. 3 I, T40N, R92W

Qal, Hoodoo Creek granitic, Mm, southern T40N, R93W

Twb, Qoa, Qg, Paleozoic sources undivided, Secs. 5 and 6, T39N, R91W

Twb, Sec. 3, T39N, R93W; Qoa, Sec. 32, T40N. R92W

Twb, Sec. I, T39N, R92W

Twb, Qal, Sec. 36, T40N, R93W; Sec. I, T39N, R93W; Ag, NW 1/4, Sec. 31, T40N,

R92W

Twb, Sec. 1, T39N, R92W

Am, SW 1/4, NW 1/4, Sec 24, T40N, R93W

Twb, Secs. 32 and 33, T40N, R92W; Twb, Ag, SE 1/4, Sec. 2, T39N, R92W

Twb, SE I/4, Sec. 93, T39N, R93W

Twb, NE 1/4, Sec. 1 I, T39N, R92W

Twb. Sec. 1, T39N, R92W

Ag outcrops, Sec. 36, T40N, R92W, Sec. 20, T40N, R92W

Qoa mainly, SW 1/4, Sec. 32, T4ON, R92W; Qg, Sec. 3, T39N, R92W; Sec. 25, T40N,
R93W

Twb in canyons of East Fork of Dry Creek, Sec. 27, T40N, R92W

Ag, mantled rock outcrop, NW 1/4, Sec. 23, T40N, R92W; Am, metamorphic

(soil-covered) outcrops, Sec. 18, T40N, R92W; _'f, Sec. 30, T4ON, R91W

Qg, probable Paleozoic source, Sec. 6, T39N, Rglw

Cfand Cgv, Sec. 24, T40N, R92W

Twb, Sec. 5, T39N, R91N

'_Abbreviations used for geologic units are as follows (cf. Thaden, 1978, 1979, 1980a- 1980e, 198 I):

Quaternary (Holocene)-Qal, alluvium; Qoa, older alluvium

Quaternary (Holocene and Pleistocene) Qg, gravel

Upper and Middle Eocene-Twb, Wagon Bed Formation volcaniclastic claystone and sandstonc

Upper and Lower Mississippian--Mm, Madison Limestone

Upper and Middle Ordovician--Ob, Bighorn Dolomite

Upper Cambrian Cg, Gallatin Formation

Middle Cambrian -6?qv, Gros Venire Formation siltstone, sandstone, limestone

Middle Cambrian-_'f, Flathead Sandstone

Archean -Ag, granite

Archean -Am, metasedimentary rocks
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